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ABSTRACT 

Substantial  savings  could  be  made  in  the  airworthiness  certification  of  composite  aircraft 
structure  if  the  strength  of  polymer  matrix  composites  in  the  elevated  temperature  wet  (ETW) 
condition  could  be  predicted  from  parameters  that  are  easier  to  measure  such  as  strength  in 
the  elevated  temperature  dry  (ETD)  condition  and  the  glass  transition  temperature  (Tg).  The 
feasibility  of  this  approach  was  tested  by  measuring  the  strength  of  AS4/ 3501-6  unidirectional 
prepreg  tape,  T650/F584  plain  weave  prepreg  fabric  and  T650/PR500  plain  weave  fabric 
consolidated  by  resin  transfer  moulding,  in  the  dry  and  70°C/85  %  relative  humidity 
equilibrated  condition,  from  25  to  120  °C  using  interlaminar  shear,  ±45°  tension,  open  hole 
compression  and  compression  after  impact  tests.  Apart  from  a  decrease  in  strength  with 
increasing  temperature  and  moisture  content  there  was  no  consistent  relation  between  ETD 
and  ETW  strength.  It  was  therefore  not  possible  to  predict  ETW  strength  for  these  materials 
and  tests  on  the  basis  of  ETD  strength  and  Tg  only. 
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France- Australia  Technical  Arrangement  TA  1/99  - 
Work  Package  1:  Study  of  the  Equivalence  of 
Hot/ Dry  and  Hot/ Wet  Testing 

Executive  Summary 

Aircraft  structures  are  designed  and  certified  on  the  basis  of  mechanical  properties 
with  the  material  in  its  most  environmentally  degraded  condition  in  the  worst 
anticipated  service  environment.  For  polymer  matrix  composites  (PMCs),  such  as  the 
carbon/ epoxy  used  in  the  airframe  of  many  modern  aircraft,  the  critical  properties  are 
typically  compression  and  shear  strength  in  the  elevated  temperature  wet  (ETW) 
condition. 

At  present  it  is  not  possible  to  predict  the  ETW  compression  and  shear  properties  of 
PMCs.  Therefore  material  allowables  and  design  data  for  airworthiness  certification 
must  be  obtained  by  testing  in  the  ETW  condition.  Specimens  are  first  conditioned  in  a 
humidified  chamber  until  the  moisture  content  equilibrates.  Even  with  accelerated 
conditioning  this  may  take  many  weeks  or  months.  After  conditioning,  the  mechanical 
tests  are  conducted  in  a  chamber  where  the  air  in  the  chamber  is  in  either  the  ETW  or 
the  elevated  temperature  dry  (ETD)  condition.  The  former  is  relatively  expensive  but 
preferred  because  the  moisture  remains  in  the  specimen  throughout  the  test.  The  latter 
is  cheaper  but  some  of  the  moisture  will  be  lost  due  to  drying  before  the  specimen  fails 
and  there  is  a  risk  that  this  may  produce  non-conservative  test  results.  Regardless  of 
the  final  testing  technique,  the  entire  process  requires  substantial  equipment 
requirements  and  long  conditioning  times.  These  increase  dramatically  the  cost  of 
airworthiness  certification  for  PMC  aircraft  structure. 

The  aim  of  the  France/ Australia  Technical  Arrangement  (TA1/99)  "New  Certification 
Procedures  for  Composite  Materials",  Work  Package  1,  was  to  establish  whether  ETW 
compression  and  shear  strength  could  be  predicted  on  the  basis  of  ETD  strength  and 
glass  transition  temperature  (Tg).  The  properties  of  AS4/3501-6  unidirectional  prepreg 
tape,  T650/F584  plain  weave  prepreg  fabric  and  T650/PR500  plain  weave  fabric 
consolidated  by  resin  transfer  moulding,  in  the  dry  and  70°C/85  %  relative  humidity 
equilibrated  condition,  were  measured  from  25  to  120  °C  with  interlaminar  shear,  ±45° 
tension,  open  hole  compression  and  compression  after  impact  tests. 

Apart  from  a  decrease  in  strength  with  increasing  temperature  and  moisture  content 
there  was  no  consistent  relation  between  ETD  and  ETW  strength.  This  was  similar  to 
the  observations  made  by  the  French  using  T300/914  and  IM7/977-2.  Thus  for  all  the 
materials  and  tests  evaluated  in  this  program  it  was  not  possible  to  predict  ETW 
strength  on  the  basis  of  ETD  strength  and  Tg  only. 

This  paper  represents  the  final  report  on  the  Australian  component  of 
France/ Australia  TA  1/99  Work  Package  1.  As  with  the  equivalent  French  report,  the 
experimental  data  showed  clearly  that  the  relation  between  ETD  and  ETW  strength 
varied  according  to  material  and  test.  Substantial  additional  research  will  be  required 
to  establish  the  relation  between  them.  The  costs  of  such  research  should  be  balanced 
against  the  enormous  savings  to  aircraft  manufacturers  and  operators  if  much  of  the 
existing  ETW  testing  were  replaced  by  ETD  testing. 
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1.  Introduction 

1.1  Airworthiness  certification  of  composite  aircraft  structure 

Aircraft  structures  are  designed  and  certified  on  the  basis  of  mechanical  properties  with 
the  material  in  its  most  environmentally  degraded  condition  in  the  worst  anticipated 
service  environment  [1].  It  is  particularly  important  to  account  for  environmental  factors 
when  using  polymer  matrix  composites  (PMCs)  because  the  mechanical  properties  of 
polymer  resin  matrices  are  dependent  on  both  temperature  and  moisture  content. 

Typically  the  mechanical  properties  of  PMCs  fall  as  temperature  rises  with  the  worst  case 
being  at  the  maximum  operating  temperature  (also  known  as  the  material  operational 
limit  (MOL)).  The  rate  of  fall  increases  more  significantly  as  the  temperature  approaches 
the  glass  transition  temperature  (Tg)  of  the  matrix.  Therefore  most  structures  are  designed 
so  that  the  maximum  operating  temperature  is  well  below  Tg.  Many  polymers,  including 
the  epoxy  resins  used  in  aerospace  grade  composites,  absorb  small  but  significant 
quantities  of  moisture  from  the  atmosphere.  This  moisture  plasticises  the  resin  and 
reduces  its  Tg.  Moisture  absorption  commences  from  the  time  of  manufacture  and 
continues  through  the  life  of  the  aircraft.  This  is  a  diffusion  process  and  the  distribution  of 
moisture  through  a  structure  will  depend  on  the  time  and  temperature  history.  The  worst 
case  is  when  the  moisture  is  distributed  uniformly  through  the  material  at  the  maximum 
that  can  be  supported  by  the  worst  environment.  This  is  conservatively  called  the  end-of- 
life  condition. 

The  mechanical  properties  of  PMCs  may  be  classified  as  fibre  or  resin  dominated.  Fibre 
dominated  situations  are  those  where  the  majority  of  applied  loads  are  supported  by  the 
fibres,  such  as  in-plane  tension.  Resin  dominated  situations  are  those  where  the  applied 
loads  are  supported  primarily  by  the  resin  matrix.  For  example  in  compression  it  is  the 
resin  that  resists  fibre  buckling  and  in  shear  the  resin  resists  relative  movement  between 
the  fibres.  The  fibre  dominated  properties  tend  to  be  much  higher  than  resin  dominated 
properties  in  aerospace  PMCs  such  as  carbon/ epoxy  because  the  carbon  fibres  are  much 
stiffer  and  stronger  than  the  epoxy  resin.  Although  aircraft  designers  aim  to  take 
advantage  of  the  high  fibre  dominated  properties,  it  is  impossible  for  loading  in  complex 
structures  such  as  airframes  to  achieve  this.  Therefore  in  most  cases  the  critical  mechanical 
properties  are  those  related  to  the  resin  dominated  compression  and  shear  loading. 

At  present  it  is  not  possible  to  predict  the  resin  dominated  properties  of  environmentally 
degraded  PMCs.  Therefore  design  allowables  must  be  obtained  by  testing  in  the  degraded 
condition.  For  PMCs  the  critical  case  is  usually  the  elevated  temperature  wet  (ETW) 
condition.  Specimens  for  ETW  testing  are  first  conditioned  in  a  humidified  chamber, 
typically  at  an  elevated  temperature  and  85  %  relative  humidity  (RE1),  until  the  moisture 
content  equilibrates  [2],  This  approach  has  been  accepted  as  providing  a  reasonable 
simulation  of  the  end-of-life  condition.  Even  with  accelerated  conditioning  this  may  take 
many  weeks  or  months,  with  large  structures  requiring  up  to  one  year.  Conditioning 
cannot  be  accelerated  further  by,  for  example,  immersing  specimens  in  water  because  this 
is  too  aggressive,  the  equilibrium  moisture  content  is  higher  than  that  obtained  in  service 
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and  the  failures  are  unrepresentative.  After  conditioning,  the  mechanical  tests  are 
conducted  in  a  chamber  (test  box)  where  the  air  in  the  chamber  is  in  either  the  elevated 
temperature  wet  (ETW)  or  the  elevated  temperature  dry  (ETD)  condition.  The  former  is 
relatively  expensive  but  preferred  because  the  moisture  remains  in  the  specimen 
throughout  the  test.  The  latter  is  cheaper  but  some  of  the  moisture  will  be  lost  before  the 
specimen  fails  and  there  is  a  concern  that  this  may  produce  non-conservative  test  results. 
This  problem  is  addressed  by  minimising  the  time  that  moisturised  specimens  are  exposed 
to  the  ETD  environment,  although  some  loss  is  accepted  because  some  time  is  required  to 
raise  the  temperature  at  the  centre  of  the  specimen  to  the  test  temperature  prior  to  failure. 
Regardless  of  the  final  testing  technique,  there  are  substantial  equipment  requirements 
and  long  conditioning  times  for  the  entire  ETW  testing  process.  These  increase 
dramatically  the  cost  of  airworthiness  certification  for  PMC  materials. 

1.2  Possible  reduced  testing  requirements 

It  has  been  hypothesised  that  the  same  reduction  in  properties  caused  by  the  combined 
effect  of  temperature  and  moisture  may  be  reproduced  by  elevating  the  test  temperature 
on  dry  specimens  [3],  provided  the  mechanism  of  failure  on  both  the  microscopic  and 
macroscopic  scale  is  the  same  for  both  cases.  Therefore,  as  indicated  in  Figure  1-1,  the  same 
design  allowable  may  be  obtained  if  an  ETW  test  is  replaced  by  the  equivalent  ETD  test.  If 
this  approach  could  be  validated  then  much  of  the  expensive  ETW  conditioning 
equipment,  test  equipment  and  substantial  time,  required  for  airworthiness  certification 
could  be  eliminated. 


Figure  2-2:  Hypothetical  plot  demonstrating  the  equivalence  ETW  and  ETD  testing.  In  this  case  a 
77  °C  ETW  test  would  be  equivalent  to  a  116  °C  ETD  test 
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1.3  Collaborative  program 

The  aim  of  the  work  described  in  this  report  was  to  test  the  hypothesis  presented  in 
Section  1.2.  This  work  was  conducted  as  a  collaborative  program  between  the  Defence 
Science  and  Technology  Organisation  (DSTO)  (Australia)  and  Direction  des  systemes 
d'armes  (DGA)  (France).  It  is  defined  in  "Technical  Arrangement  1/99,  Work  Package  1: 
Study  of  the  equivalence  of  hot/ dry  and  hot/ wet  testing"  [4], 

In  this  program  DSTO  has  manufactured  four  types  of  coupon  from  three  typical 
aerospace  composite  materials.  Half  of  the  coupons  of  each  test  type  were  environmentally 
conditioned  to  equilibrium  moisture  content  (wet)  while  the  other  half  were  maintained  in 
the  dry  condition.  These  coupons  were  tested  at  different  temperatures.  The  glass 
transition  temperatures  of  the  dry  and  wet  materials  were  also  measured.  The  results  were 
analysed  to  determine  whether  the  ETW  strength  could  be  predicted  on  the  basis  of  the 
ETD  strength  and  Tg. 

The  French  Centre  d'Essais  Aeronautique  de  Toulouse  (CEAT)  conducted  the  same  tests 
on  T300/914  and  IM7/ 977-2  and  reported  the  results  [5]. 


2.  Experimental  Techniques 


2.1  Materials 

The  materials  used  by  DSTO  in  this  program  are  those  shown  in  Table  1. 

2.2  Coupon  manufacture  and  common  test  procedures 

Large  flat  panels  were  laid  up  and  cured  under  the  conditions  recommended  by  the 
manufacturer  (Table  1).  The  lay-up  of  each  panel  type  is  shown  in  Table  2.  Coupons  were 
cut  from  the  panels  using  a  diamond  saw  with  water  lubricant. 

Immediately  following  manufacture  the  coupons  for  ETD  testing  were  placed  in  a  vacuum 
oven  at  70  °C.  These  coupons  remained  in  the  oven  until  the  day  they  were  tested.  The 
only  time  they  were  removed  was  to  apply  strain  gauges,  where  they  would  have  been  out 
of  the  oven  for  less  than  eight  hours. 

Coupons  for  ETW  testing  were  placed  in  a  Heraeus  Votsch  HC  4055  environmental 
chamber  set  at  70  °C/85  %  RH.  The  chamber  was  checked  regularly  to  ensure  that  the  set 
conditions  were  being  maintained.  Coupon  weight  was  not  recorded  during  conditioning 
however  testing  was  not  commenced  until  at  least  eight  months  after  insertion.  The  typical 
conditioning  time  was  two  years  with  some  batches  being  conditioned  for  five  years. 
Given  these  long  times  it  was  assumed  that  the  coupons  had  reached  equilibrium  moisture 
content  prior  to  testing. 
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Table  1:  Materials 


Material 

Description 

Manufacturer 

Cure 

Manufacturer 

designation 

AS4/ 

3501-6 

Prepreg,  Unidirectional 
carbon  fibre  tape. 
Autoclave  cure 

Hercules 

116  °C/1  h/568  kPa, 
177  °C/1  h/  689  kPa, 
177  °C/1  h/vent 

AS4/3601-6,  42% 

150  gsm  FAW,  48.5" 
MMS  549  Type  3  &  4 

T650/ 

F584 

Prepreg,  Plain  weave 
carbon  fabric. 

Autoclave  cure 

Hexcel 

177  °C/1  h/  620  kPa, 
177  °C/1  h/vent 

W4G  282  -60  -F584 
108:40% 

T650/ 

PR500 

Dry  fibre.  Plain  weave 
carbon  fabric,  RTM 
consolidation 

Fibre  Hexcel 
Resin  3M 

Degas  110  °C/15  min, 
Inject  145  °C/30  psi. 
Cure  180  °C/2  h 

W4G  282 

PR  500 

T300J/ 

DA508 

Prepreg,  Unidirectional 
carbon  fibre  tape. 
Autoclave  cure 

Supplied  by  CEAT  in  cured  form 

Table  2:  Coupon  lay-up 


Test 

Material 

Full  name 

Abbrev. 

AS4/3501-6 

T650/F584 

T650/PR500 

Glass  Transition  Temperature 

tk 

16  ply 

16  ply 

16  ply 

Interlaminar  Shear 

ILS 

[0]  16 

[0/90]  12 

[0/90]  12 

±45°  Tension 

±45°  tension 

[45  — 45]4s 

[±45]i2 

[±45]i2 

Open  Hole  Compression 

OHC 

[45  0  -45  90]2s 

[(±45)  (0/90)]3s 

[(±45)  (0/90)]3s 

Compression  After  Impact 

CAI 

[45  0  -45  90]4s 

[(±45)  (0/90)]6s 

[(±45)  (0/90)]6s 

As  a  check,  small  moisture  content  samples  were  cut  from  the  ETW  coupons  within  one 
day  of  completion  of  the  test.  These  samples  were  weighed  then  placed  in  a  vacuum  oven 
at  7 0°C.  The  samples  were  weighed  at  regular  intervals,  with  weighing  continued  until 
steady  state  weights  were  recorded.  The  moisture  content  of  these  samples  was  calculated 
and  is  recorded  with  the  test  results  in  the  Appendices  of  this  report. 

All  testing  was  conducted  using  fixtures  that  were  enclosed  in  insulated  test  boxes.  Air 
was  blown  into  these  boxes  to  preheat,  then  maintain,  the  environment  and  test  fixtures  at 
the  test  temperature.  The  RH  of  the  air  was  not  controlled  nor  measured.  It  was  therefore 
expected  to  fall  as  test  temperature  rose,  from  ~50  %  RH  at  25  °C  to  0  %  RH  at  100  °C.  This 
air  would  not  alter  the  results  of  ETD  tests  because  the  coupons  were  already  dry. 
However,  on  ETW  coupons  it  was  possible  that  the  effects  could  be  significant.  Water 
began  diffusing  out  of  the  wet  coupons  as  soon  as  they  were  exposed  to  a  humidity  below 
the  85  %  RH  of  the  conditioning  environment.  The  rate  of  diffusion  rose  by  approximately 
one  order  of  magnitude  for  every  10  °C  rise  in  temperature.  At  120  °C  it  was  predicted  that 
half  of  the  outer  ply  would  be  dry  within  10  minutes.  Clearly  the  results  of  a  test 
conducted  under  these  conditions  would  reflect  that  of  material  that  was  not  fully 
moisturised.  Competing  with  this  requirement  to  minimise  the  time  that  the  coupon  was 
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exposed  to  the  dry  air  was  the  requirement  to  ensure  sufficient  time  in  the  test  box  for  the 
centre  of  the  coupon  to  reach  the  test  temperature. 

The  approach  that  was  used  to  address  these  competing  requirements  was  to  preheat  the 
test  box  and  fixtures  to  the  test  temperature,  open  the  door  of  the  test  box,  minimise  the 
time  to  install  the  coupon  in  the  test  fixture,  close  the  door  as  soon  as  practicable  and 
commence  loading  at  a  fixed  time  after  the  door  was  closed.  The  same  fixed  time  was  used 
for  all  coupons  of  a  particular  test  type.  This  time  was  obtained  from  measurements  of 
temperature  versus  time  in  dummy  coupons  that  were  installed  into  the  test  boxes 
preheated  to  the  different  test  temperatures.  The  dummy  coupons  were  of  the  same  lay-up 
as  the  test  coupons  but  with  a  thermocouple  installed  along  their  centre-plane.  The 
insertion  of  the  dummy  coupons  simulated,  as  closely  as  possible,  the  procedure  for  the 
actual  tests  (for  example  the  dummy  coupons  were  initially  at  room  temperature,  the  test 
box  preheated,  the  door  opened,  the  dummy  coupons  installed  into  the  test  coupon 
location,  the  door  held  open  for  the  same  amount  of  time  as  would  be  required  to  load  the 
test  coupons,  door  closed  and  temperature  in  the  test  box  restored  using  the  same 
technique  as  would  be  used  during  testing).  The  time  selected  was  the  minimum  time 
where  the  centre  of  the  dummy  coupon  was  within  2  °C  of  the  test  temperature  for  the  120 
°C  test  case  (this  was  the  temperature  that  required  the  longest  dwell  to  reach  the  test 
temperature).  The  fixed  time  varied  between  two  and  twelve  minutes. 

It  was  found  that  loading  took  from  one  to  three  minutes.  During  this  time  coupons 
continued  to  warm  and  lose  moisture.  Even  if  the  centre  of  coupons  were  a  few  degrees 
below  the  test  temperature  at  the  commencement  of  loading,  they  would  be  very  close  to 
the  test  temperature  at  the  time  of  failure.  It  was  judged  that  extending  the  fixed  time  any 
further  would  result  in  excessive  moisture  losses  and  potentially  unacceptable  changes  to 
the  test  results. 

2.3  Glass  transition  temperature 

For  each  material  six  14  mm  long  x  9  mm  wide  coupons  were  cut  from  the  glass  transition 
temperature  (Tg)  panel.  Three  coupons  were  maintained  in  the  dry  condition  (70 
°C/ vacuum)  and  three  were  conditioned  at  70  °C/85  %  RH  to  an  equilibrium  moisture 
content  (wet). 

Dynamic  Mechanical  Thermal  Analysis  (DMTA)  tests  were  performed  on  each  coupon  in 
single  point  bending  mode  at  a  bending  frequency  of  1  Hz  and  a  heating  rate  of  2  K  min  k 
Plots  of  modulus  and  tan  8  versus  temperature  were  produced.  There  are  a  number  of 
methods  of  calculating  Tg  from  the  DMTA  results.  In  this  work  Tg  was  defined  as  the 
temperature  at  which  tan  8  was  a  maximum. 

2.4  Interlaminar  shear 

For  each  material  at  least  50  14  mm  long  x  10  mm  wide  coupons  were  cut  from  the  IFS 
panel.  At  least  25  coupons  were  maintained  in  the  dry  condition  (70  °C/ vacuum)  and  at 
least  25  were  conditioned  (70  °C/85  %  RH)  to  an  equilibrium  moisture  content  (wet). 
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Coupons  were  tested  in  accordance  with  ASTM  D2344  [8]  using  the  three-point  bend 
fixture  shown  in  Figure  2-1  (a).  The  loading  span  was  10  mm,  support  rollers  were  3.2  mm 
diameter  and  the  load  roller  was  6.4  mm  diameter.  The  fixture  was  enclosed  in  an 
insulated  test  box  and  installed  in  an  Instron  1121  loading  frame  with  a  10  kN  load  cell.  As 
shown  in  Figure  2-1  (b),  a  hot  air  gun  was  inserted  into  the  rear  of  the  test  box. 
Temperature  was  controlled  manually.  The  thermocouple  shown  in  Figure  2-1  (a)  was 
monitored  and  the  thermostat  on  the  hot  air  gun  adjusted  to  maintain  the  temperature  in 
the  test  box  at  the  nominal  test  temperature. 

ILS  tests  were  conducted  in  accordance  with  the  following  procedure: 

1.  Closed  the  front  door  of  the  test  box. 

2.  Preheated  and  equilibrated  the  test  box  to  the  test  temperature. 

3.  Turned  off  hot  air  gun  then,  as  rapidly  as  possible,  opened  the  front  door,  located 
the  coupon  on  the  support  rollers,  closed  the  front  door  and  turned  on  the  hot  air 
gun  to  restore  the  test  temperature. 

4.  Soaked  for  4:00  min  while  maintaining  the  test  temperature. 

5.  Loaded  the  coupon  at  1  mm  min1  to  failure.  Recorded  peak  load. 

6.  Stopped  crosshead  and  returned  it  to  its  initial  position. 

7.  Opened  test  box  and  removed  the  failed  coupon. 

8.  Repeated  Steps  2  to  7  for  the  remaining  coupons. 

9.  At  the  conclusion  of  testing,  identified  the  failure  location  on  the  coupons  and 
recorded  any  deviations  from  the  valid  failure  mode. 


Test  box 


Loading  roller 
Coupon 


Hot  air  gun 
Thermocouple 


Support  rollers 


Figure  2-1:  Photographs  of  the  ILS  test  showing  the  (a)  test  fixture,  coupon  and  thermocouple  ends 
from  the  front  of  the  test  box,  and  (b)  hot  air  gun  fastened  to  the  rear  of  the  test  box 
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2.5  ±45°  tension 

For  each  material  at  least  50  250  mm  long  x  25  mm  wide  coupons  were  cut  from  the  ±45° 
tension  panels.  Strain  gauges  were  bonded  to  three  out  of  each  batch  of  five  specimens  for 
the  dry  coupons  in  order  to  measure  shear  strain.  For  those  coupons  in  which  strain 
gauges  were  bonded,  the  bonding  was  conducted  prior  to  drying.  At  least  25  coupons 
were  maintained  in  the  dry  condition  (70  °C/ vacuum)  and  at  least  25  were  conditioned  (70 
°C/85  %  RH)  to  an  equilibrium  moisture  content  (wet). 

Coupons  were  tested  in  accordance  with  ASTM  D3518  [9],  Testing  was  conducted  in  an 
Instron  1185  loading  frame  with  a  100  kN  load  cell.  Coupons  were  held  with  mechanical 
grips  set  to  give  a  gauge  length  of  144  mm.  The  grips  were  enclosed  in  an  insulated  test 
box. 

For  tests  on  the  ETD  AS4/3501-6  and  T650/F584  coupons  the  elevated  temperatures  were 
obtained  using  a  hot  air  gun  fastened  to  the  rear  of  the  test  box.  Temperature  was 
controlled  manually.  A  thermocouple  in  the  test  box  was  monitored  and  the  thermostat  of 
the  hot  air  gun  adjusted  to  maintain  the  nominal  test  temperature.  Crosshead 
displacement  was  used  to  measure  axial  strain  on  all  these  coupons  and,  for  those  coupons 
with  strain  gauges  installed,  both  longitudinal  and  transverse  strain  were  measured. 

For  the  remaining  tests  (ETW  AS4/3501-6  and  T650/F584,  all  T650/PR500)  air  was  ducted 
into  the  test  box  from  a  Tabai  model  CR-10HL  environmental  generator.  The  generator 
was  connected  to  the  test  box  with  two  100  mm  diameter  insulated  aluminium  ducts,  a 
feed  duct  and  a  return  duct.  This  system  maintained  temperature  in  the  test  box  to  within 
±1  °C  of  the  test  temperature.  In  addition  to  crosshead  displacement,  strain  in  all  of  these 
coupons  was  measured  using  a  MTS632.85F-05  biaxial  extensometer. 

±45°  tension  tests  were  conducted  in  accordance  with  the  following  procedure: 

1.  Closed  the  front  door  of  the  test  box. 

2.  Preheated  then  equilibrated  the  test  box  to  the  test  temperature. 

3.  If  installed,  connected  strain  gauge  to  data  recorder. 

4.  Turned  off  the  hot  air  source  then,  as  rapidly  as  practicable,  opened  the  front  door 
and  clamped  the  coupon  in  the  grips.  To  prevent  slippage  between  the  coupons 
and  grips  a  non-slip  gripping  interface  was  placed  between  the  two.  Metalite 
abrasive  mesh  was  used  for  tests  at  25,  50  and  80  °C,  while  180  grit  emery  cloth  was 
used  for  tests  at  105  and  120  °C.  A  fresh  piece  of  mesh/cloth  was  used  for  each 
coupon. 

The  biaxial  extensometer,  if  used,  was  installed  on  the  coupon.  Closed  door  of  test 
box  as  soon  as  possible  then  turned  on  hot  air  source. 

5.  Waited  for  2:00  min  while  maintaining  the  temperature  inside  the  test  box  at  the 
test  temperature. 

6.  Loaded  the  coupon  at  2  mm  min1.  Recorded  crosshead  displacement,  load  and,  on 
coupons  with  strain  gauges  or  an  extensometer  fitted,  strain. 

7.  On  coupons  with  the  biaxial  extensometer  fitted  the  crosshead  was  stopped  when 
the  extensometer  reached  its  limit  of  approximately  20,000  ps.  The  door  was 
opened,  the  extensometer  removed  from  the  coupon  then  the  door  closed.  This  step 
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was  performed  as  quickly  as  practicable  to  minimise  the  time  that  the  door  was 
open.  The  crosshead  was  re-started  and  continued  to  coupon  failure. 

8.  Stopped  crosshead  and  returned  it  to  its  initial  position. 

9.  Opened  test  box  and  removed  the  failed  coupon. 

10.  Repeated  Steps  3  to  9  for  the  remaining  coupons. 

ASTM  D3518  states  that  the  uniformity  of  the  shear  stress  field  in  ±45°  tension  tests  falls  as 
axial  strain  increases  because  of  fibre  scissoring.  Therefore  the  test  ceases  to  produce  valid 
shear  stress-strain  data  for  calculated  shear  strains  in  excess  of  5  %  (50,000  ps).  The 
maximum  shear  strains  measured  by  the  biaxial  extensometer  prior  to  it  being  removed 
from  the  coupons  was  approximately  35,000  ps.  It  was  therefore  not  possible  to  report  the 
shear  stress  in  accordance  with  the  standard  (the  lesser  of  the  shear  strain  at  failure  or  the 
shear  stress  at  50,000  ps  shear  strain).  Thus  the  shear  strengths  reported  in  this  work  are 
the  stresses  at  the  failure  (peak)  test  load. 

2.6  Open  hole  compression 

For  each  material  at  least  50  304.8  mm  long  x  38.1  mm  wide  coupons  were  cut  from  the 
OHC  panel.  A  6.35  mm  diameter  hole  was  drilled  in  the  centre  of  each  coupon  using  a 
"one-shot"  drill. 

Strain  gauges  were  bonded  to  some  specimens  in  order  to  measure  axial  compression 
strain.  For  those  coupons  in  which  strain  gauges  were  bonded,  the  bonding  was  conducted 
prior  to  drying  or  environmental  conditioning.  At  least  25  coupons  were  maintained  in  the 
dry  condition  (70  °C/vacuum)  and  at  least  25  were  conditioned  (70  °C/85  %  RH)  to  an 
equilibrium  moisture  content. 

OHC  tests  were  conducted  in  accordance  with  SACMA  SRM  3R-94  [10].  The  procedure 
used  for  the  testing  of  these  coupons  is  described  in  reference  [11].  In  order  to  provide  the 
reader  with  an  understanding  of  this  test  procedure,  the  remainder  of  this  section  is  a 
summary  of  that  reference. 

The  general  arrangement  of  equipment  is  shown  in  Figure  2-2  and  a  close-up  of  the  test 
fixture  shown  in  Figure  2-3.  Testing  was  conducted  in  an  Instron  1185  loading  frame  with 
a  100  kN  load  cell.  Coupons  were  loaded  between  compression  platens.  An  alignment 
guide  was  fixed  to  both  the  upper  and  lower  platen  and  the  anti-buckling  guides  were 
clamped  to  these  guides.  The  alignment  guides  ensured  that  coupons  were  parallel  to  the 
loading  axis,  did  not  kick  over  during  testing  and  did  not  fail  by  end  brooming.  The 
platens  were  enclosed  in  an  insulated  test  box.  A  Tabai  model  CR-10HL  environmental 
generator  was  used  to  provide  hot  air  for  the  test  box.  This  air  was  transported  into  the  test 
box  through  insulated  ducts. 

During  testing  the  coupons  were  sandwiched  between  SACMA  SRM  3R-94  anti-buckling 
guides.  These  prevented  Euler  buckling  but  permitted  local  buckling  around  the  hole,  end 
shortening  of  the  coupon  and  the  incorporation  of  bonded  strain  gauges.  The  anti-buckling 
guides  acted  as  a  heat  sink  and  shielded  the  coupon  from  the  air  in  the  test  box.  Thus  the 
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Test  fixture 


Data 

acquisition 

system 


Test  box 


Duct  to  environmental 
generator 


Figure  2-2:  Overview  of  set-up  for  OHC  testing 


Upper  aligning  guide 


Thermocouple  taped 
to  coupon  (taped 
thermocouple) 


Lower  aligning  guide 


Upper  platen 
Upper  clamp 

Upper  anti-buckling  guide 
Extensometer 

Coupon 

Lower  clamp 
Lower  platen 


Figure  2-3:  Final  OHC  test  setup  with  anti-buckling  guides  clamped  against  alignment  guides 
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time  required  to  heat  a  coupon  mounted  in  anti-buckling  guides  was  substantial.  For 
example,  it  was  found  that  for  a  coupon/ anti-buckling  fixture  at  20  °C  introduced  into  the 
test  box  at  80  °C,  the  coupon  would  equilibrate  at  »78  °C  after  »1  h  25  minutes.  To  address 
this  problem  the  following  approaches  were  used: 

(i)  preheated  the  anti-buckling  guides, 

(ii)  minimised  the  time  that  the  guides  were  out  of  the  test  environment,  and 

(iii)  ran  the  test  box  temperature  hotter  than  the  nominal  test  temperature. 

A  K-type  thermocouple  was  taped  to  the  coupon  (taped  thermocouple)  and  used  as 
feedback  to  control  the  temperature  of  the  environmental  generator.  The  taped 
thermocouple  temperature  was  considered  representative  of  the  actual  coupon 
temperature.  Separate  trials  were  conducted  and  the  difference  between  these  two  was 
found  to  be  less  than  5  °C. 

An  extensometer  provided  a  more  robust  alternative  to  strain  gauges  for  high  temperature 
testing  of  moisturised  specimens.  Knife-edges  were  designed  for  an  MTS632.26C-20 
extensometer.  These  knife-edges  fitted  through  the  strain  gauge  window.  The 
extensometer  was  calibrated  with  these  knife-edges  installed  in  the  test  environment.  All 
tests  were  conducted  with  the  extensometer  installed. 

The  following  is  a  summary  of  the  testing  procedure: 

1.  Test  fixtures  were  placed  in  the  test  box  and  the  front  door  closed.  The  test  box  was 
preheated  to  the  temperature  shown  in  column  two  of  Table  3  and  equilibrated  at 
this  temperature. 

2.  Removed  coupons  from  the  conditioning  environment  (vacuum  oven  or 
environmental  chamber).  Measured  and  recorded  dimensions. 

3.  Opened  the  test  box  door  and  removed  the  anti-buckling  guides.  Closed  door. 

4.  Assembled  the  coupon  in  the  anti-buckling  guides  allowing  for  strain  gauge  leads 
if  strain  gauges  were  attached. 

5.  Located  a  thermocouple  on  the  side  of  the  coupon,  covered  it  with  air-weave 
breather  cloth  and  fastened  it  in  place  using  high  temperature  tape.  The  air-weave 
insulated  the  thermocouple  from  the  environment  and  ensured  the  temperature  of 
the  coupon  was  monitored. 


Table  3:  Environmental  generator  set  points  required  for  the  indicated  test  temperatures 


Nominal 
test  T  (°C) 

Tabai  set  point  when 
coupon  first  loaded  (°C) 

Tabai  set  point  when  taped 
thermocouple  reached  test  T  (°C) 

25 

25 

25 

50 

60 

50 

80 

100 

80 

105 

135 

115 

120 

155 

125 
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6.  Positioned  the  knife-edges  of  the  extensometer  on  the  coupon  and  secured  the 
extensometer  using  O-rings. 

7.  Opened  the  front  door  of  the  test  box  then,  as  rapidly  as  practicable,  located  the 
anti-buckling  guides  against  the  alignment  guides  and  clamped  them  in  position. 
Connected  the  extensometer  to  the  data  acquisition  system,  checked  the  readout 
then  removed  the  retaining  pin.  The  final  configuration  is  shown  in  Figure  2-3. 
Closed  the  door  within  six  minutes  of  opening  it. 

8.  With  the  Tabai  set  point  at  the  temperatures  shown  in  Table  3  the  taped 
thermocouple  would  typically  reach  the  test  temperature  within  five  minutes  of  the 
test  box  door  closing.  When  the  taped  thermocouple  temperature  reached  the 
nominal  test  temperature,  regardless  of  whether  this  occurred  in  the  five  minutes 
prior  to  starting  the  test  or  during  loading,  then  the  Tabai  set  point  was  lowered  to 
the  value  shown  in  the  third  column  Table  3. 

9.  Testing  was  commenced  5:00  minutes  after  the  door  was  closed.  The  coupon  was 
loaded  at  1  mm  min1  to  failure.  The  crosshead  displacement,  load,  extensometer 
strain  and,  on  coupons  with  strain  gauge  fitted,  strain  gauge  strain  were  recorded. 

10.  Upon  failure  the  crosshead  direction  was  reversed  before  3  sec  had  elapsed.  The 
crosshead  was  stopped  when  load  returned  to  zero. 

11.  The  Tabai  set  point  was  raised  to  the  temperature  shown  in  column  two  of  Table  3 
in  preparation  for  the  next  test. 

12.  The  test  box  door  was  opened  and,  as  quickly  as  practicable,  the  extensometer  pin 
installed  and  the  coupon/ anti-buckling  guide  removed.  The  crosshead  was 
lowered  by  2-3  mm  and  the  door  closed  in  preparation  for  the  next  coupon. 

13.  The  failed  coupon  was  removed  from  the  anti-buckling  guides  and 
instrumentation. 

14.  Repeated  Steps  4  to  13  for  the  remaining  coupons. 

2.7  Compression  after  impact 

For  each  material  at  least  50  150  mm  long  x  100  mm  wide  coupons  were  cut  from  the  CAI 
panel.  At  least  25  coupons  were  maintained  in  the  dry  condition  (70  °C/ vacuum)  and  at 
least  25  were  conditioned  (70  °C/85  %  RH)  to  equilibrium  moisture  content.  CAI  tests 
were  conducted  in  accordance  with  SACMA  SRM  2R-94  [12]. 

2.7.1  Impacting 

All  coupons  were  C-scanned  after  they  had  reached  an  equilibrium  moisture  content.  The 
scans  revealed  that  the  specimens  were  free  of  any  manufacturing  defects.  Coupons  were 
then  impacted.  The  procedure  for  performing  the  impacting  was  described  in  reference 
[13].  The  following  two  paragraphs  are  a  summary  of  the  important  features  of  the 
impacting. 

Impacting  was  conducted  on  the  drop-weight  impact  machine  shown  in  Figure  2-4.  This 
consisted  of  a  5.60  kg  impactor,  with  a  15.75  mm  diameter  hemispherical  steel  tup, 
mounted  on  a  vertical  rail.  The  impactor  slid  freely  up  and  down  the  rail.  A  carriage  and 
release  assembly  was  also  mounted  on  the  rail.  The  carriage  was  attached  to  a  winch  that 
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Figure  2-4:  The  drop-weight  impact  machine 


was  used  to  set  the  height  of  the  impactor.  A  digital  tape  measure  was  fixed  to  the  carriage 
so  that  drop  height  could  be  measured.  A  base  plate  was  located  under  the  rail.  It 
contained  a  central  76.2  mm  x  127.0  mm  cut-out  and  was  positioned  so  that  the  impactor 
tup  was  aligned  with  the  centre  of  the  cut-out.  Locating  pins  were  installed  on  the  base 
plate  to  locate  coupons  centrally  over  the  cut-out.  Four  clamps  were  mounted  around  the 
cut-out  to  hold  coupons  to  the  base  plate.  Brakes  on  the  impactor  were  activated  when  the 
impactor  struck  the  coupon.  These  allowed  the  impactor  to  rebound  but  prevented  it  from 
restriking  the  coupon. 

Incident  and  rebound  velocity  was  measured  using  a  laser/ photo-diode  system  and  a  flag 
on  the  impactor.  The  time  that  the  flag,  of  known  width,  broke  the  laser  beam  immediately 
prior  to,  and  after,  impact  was  recorded  and  velocity  calculated.  The  voltage  output  from 
the  photo-diode,  3.5  V  when  the  laser  illuminated  it  and  0.0  V  when  the  flag  blocked  the 
laser,  was  recorded  on  a  storage  oscilloscope  then  downloaded  to  an  Excel  spreadsheet  for 
analysis.  It  was  found  that  the  velocity  of  the  impactor  was  fractionally  below  that 
predicted  by  a  perfect  conversion  of  potential  to  kinetic  energy.  This  loss  was  caused  by 
friction  between  the  impactor  and  vertical  rail.  Increasing  the  drop  height  compensated  for 
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this  loss.  Thus  the  SACMA  SRM  2R-94  target  energy  of  6.7  J  mm 1  of  coupon  thickness  was 
achieved. 

The  following  is  a  summary  of  the  impacting  procedure: 

1.  Measured  coupon  thickness.  Calculated  target  incident  energy  and  drop  height 
(including  compensation  for  losses). 

2.  Located  coupon  against  aligning  pins  and  clamped  it  to  the  base  plate. 

3.  Gently  rested  the  impactor  on  the  coupon  and  armed  the  brakes.  Zeroed  the  digital 
tape  measure  and  raised  the  impactor  to  the  calculated  drop  height. 

4.  Armed  the  data  acquisition  system. 

5.  Released  the  impactor.  Allowed  it  to  strike  coupon  and  rebound.  The  brakes 
prevented  it  from  re-striking  the  coupon. 

6.  Released  the  clamps  and  removed  the  coupon  from  the  base  plate. 

7.  Downloaded  data  and  recorded  incident/ rebound  velocities  and  energy. 

8.  Disarmed  brakes. 

9.  Repeated  Steps  1  to  8  for  the  remaining  coupons. 

The  impacted  coupons  were  C-scanned  and  damage  area  measured  and  recorded. 

2.7.2  CAI  testing 
2.72.1  General 

In  preparation  for  CAI  testing,  strain  gauges  were  bonded  to  some  specimens  in  order  to 
measure  compression  strain. 

The  procedure  used  for  the  testing  of  these  coupons  is  described  in  reference  [6] .  In  order 
to  provide  the  reader  with  an  understanding  of  this  test  procedure,  the  remainder  of  this 
section  is  a  summary  of  that  reference. 

The  general  and  detailed  arrangements  of  test  equipment  are  shown  in  Figure  2-5  and 
Figure  2-6  respectively.  Testing  was  conducted  in  an  Instron  1343  loading  frame  with  a  250 
kN  load  cell.  A  SACMA  SRM  2R  CAI  test  fixture  was  bolted  to  tongues  that  were  clamped 
into  the  hydraulic  grips  of  the  test  machine.  This  test  fixture  clamped,  introduced  end 
loading  and  prevented  Euler  (global)  buckling  of  the  coupon.  It  was  enclosed  in  an 
insulated  test  box.  A  DSTO  constructed  environmental  generator  was  used  to  provide  hot 
air  for  the  test  box.  This  air  was  transported  into  the  test  box  through  insulated  ducts. 

2. 7.2.2  Alignment 

The  test  fixture  was  aligned  in  the  test  machine  and  checked  using  an  alignment  check 
coupon.  This  was  a  coupon  that  contained  two  sets  of  back-to-back  strain  gauges. 
Considerable  effort  was  required  to  ensure  a  satisfactory  alignment,  particularly  to 
account  for  bending  about  the  coupon  normal  (z-axis).  This  was  important  because  the 
parallelism  of  each  coupon  could  not  be  guaranteed  nor  accounted  for  using  fixed  grips.  A 
self  aligning  upper  platen  (rocker)  between  the  upper  platen  (tongue)  and  upper  coupon 
clamp,  was  found  to  decrease  substantially  the  strain  gradient  across  the  width  of  the 
alignment  check  coupon. 
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Figure  2-5:  Overview  of  set-up  for  CAI  testing 
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Figure  2-6:  The  CAI  test  set-up  immediately  prior  to  closing  the  front  door  of  the  test  box 
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2. 7.2.3  Strain  measurement 

SACMA  SRM  2R-94  mandates  that  four  bonded  foil  strain  gauges,  as  two  sets  of  back-to- 
back  gauges,  are  to  be  installed  on  every  test  coupon.  It  was  prohibitively  expensive  and 
time  consuming  to  do  this  for  all  150  coupons  tested  in  this  program.  In  particular  it  was 
not  possible  to  reliably  bond  strain  gauges  onto  coupons  that  had  previously  been 
moisturised  to  equilibrium  without  firstly  drying  the  coupon.  Therefore  only 
approximately  30%  of  the  coupons  were  strain  gauged. 

Extensometers  provided  an  alternative  to  strain  gauges  and  were  particularly  convenient 
for  high  temperature  testing.  The  time  required  to  mount  an  extensometer  to  the  face  of  a 
coupon  at  the  time  of  testing  was  far  shorter  than  that  required  to  bond  and  protect  strain 
gauges  prior  to  environmental  conditioning. 

Mounts  were  designed  and  manufactured.  They  were  fastened  to  the  SACMA  SRM  2R  94 
test  fixture  and  supported  a  MTS  632.26C-20  extensometer  at  the  front  and  a  MTS  632.13C- 
20  extensometer  at  the  rear.  The  mounts  were  hinged  to  allow  for  easy  coupon  removal 
and  spring  loaded  so  that  the  extensometers  were  pressed  against  the  face  of  the  coupon 
but  still  accommodated  movement  of  the  coupon  during  the  test.  The  extensometers  were 
fitted  with  three  point  knife-edges.  The  points  on  these  knife-edges  located  more 
positively  on  the  composite  coupons  than  the  traditional  blade  knife-edges. 

This  extensometer  arrangement  was  calibrated  against  the  strains  measured  on  the 
alignment  check  coupon  for  each  of  the  test  environments  and  used  for  all  tests. 

2.7. 2A  Test  environment 

In  contrast  to  the  OHC  testing,  the  CAI  test  fixture  did  not  shield  significantly  the  coupons 
from  the  chamber  environment.  Thus  the  temperature  of  coupons  installed  in  the  CAI 
fixture  rose  at  approximately  the  same  rate  as  fully  exposed  coupons  in  the  same 
environment.  However  CAI  coupons  were  approximately  double  the  thickness  of  coupons 
from  the  other  tests  and  so  took  substantially  longer  to  heat. 

A  thermocouple  located  in  front  of  the  outlet  duct  immediately  inside  the  test  box  was 
used  to  provide  input  to  the  controller  of  the  hot  blower.  The  set  point  on  the  blower  was 
that  required  for  the  embedded  thermocouple  coupon  (150  mm  x  100  mm,  [45  0  -45  90]4S 
lay-up,  AS4/ 3501-6  tape,  with  a  thermocouple  embedded  in  the  midplane  of  the  laminate 
at  the  centre  of  the  specimen)  to  be  5  °C  above  the  test  temperature  after  a  soak  time  of  12 
min.  The  reason  for  this  additional  5  °C  was  that,  as  shown  in  Figure  2-6,  the  embedded 
thermocouple  coupon  was  located  at  lower  left  hand  corner  of  the  test  box,  near  the  hot  air 
inlet.  This  location  was  5  °C  hotter  than  the  temperature  that  would  be  indicated  if  it  were 
in  the  position  of  the  test  coupon  during  testing. 

2.7. 2.5  Test  procedure 

The  following  is  a  summary  of  the  testing  procedure: 

1.  Installed  all  parts  of  the  test  fixture  in  the  test  box  and  closed  the  front  door. 
Preheated  and  equilibrated  the  test  box  to  the  test  temperature. 
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2.  Removed  coupons  from  the  conditioning  environment  (vacuum  oven  or 
environmental  chamber).  Measured  and  recorded  dimensions. 

3.  Installed/ soldered  strain  gauge  lead  wires  if  fitted. 

4.  Turned  generator  off,  opened  test  box  door,  removed  previous  coupon,  mounted 
current  coupon,  set-up  fixture,  set-up  extensometers,  closed  door.  This  step  was 
completed  within  four  minutes. 

5.  Soaked  coupon  for  12:00  min.  At  the  end  of  this  time  the  rate  of  temperature 
change  in  the  embedded  thermocouple  coupon  was  less  than  0.5  °C  min1. 

6.  Immediately  upon  completion  of  the  soak  time,  activated  the  data  acquisition 
system  and  loaded  the  coupon  at  0.5  mm  min"1  to  failure.  Recorded  any 
observations,  particularly  the  load  at  which  acoustic  emissions  were  detected. 

7.  Upon  failure  stopped  the  actuator  and  data  acquisition  system  within  5  s.  Returned 
the  actuator  to  the  starting  position. 

8.  Left  the  hot  air  blower  on  and  coupon  in  the  test  box  in  preparation  for  the  next 
test. 

9.  Repeated  Steps  2  to  8  for  the  remaining  coupons. 


3.  Results 


3.1  Fibre  volume  fraction 

Fibre  volume  fraction  was  calculated  using  Equation  1.  The  values  for  each  coupon  are 
reported  in  Appendices  C  to  F  while  the  averages  for  each  material  and  test  type  are 
shown  in  Table  4. 


Vf  = 


100Awn 

tp 


(1) 


Where: 

Vf  =  volume  fraction  (%) 

Aw  =  areal  weight  of  fibres  (g  nr2) 
n  =  number  of  fibre  layers 
t  =  thickness  of  panel  (m) 
p  =  density  of  fibres  (g  nr1) 

3.2  Glass  transition  temperature 

A  representative  plot  of  E  and  tan  S  versus  temperature  for  each  of  the 
materials/ conditions  is  shown  in  Figure  3-1.  The  values  of  Tg  (max  tan  8)  for  each  of  the 
specimens  is  shown  in  Appendix  A.  The  average  Tg,  together  with  the  average  moisture 
contents  of  the  25  °C  OHC  and  CAI  coupons,  are  shown  in  Table  5. 
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Table  4:  Average  volume  fraction  of  coupons 


Material 

Volume  fraction  (volume  %) 

ILS 

±45°  tension 

OHC 

CAI 

Average 

AS4/3501-6 

55.3 

55.4 

57.5 

57.4 

56.4 

T650/F584 

52.0 

49.7 

49.2 

49.5 

50.1 

T650/PR500 

52.8 

53.1 

55.1 

48.9 

52.5 

Table  5:  Average  Tg  and  moisture  content  for  the  tested  coupons 


Material 

Average  Tg  (°C) 

Tg  drop 

Moisture 

Dry 

Wet 

(°Q 

(%) 

content  (wt  %) 

AS4/3501-6 

209 

156 

53 

25 

1.44 

T650/F584 

183 

152 

31 

17 

1.20 

T650/PR500 

197 

191 

6 

3 

0.63 

3.3  Interlaminar  shear 

Interlaminar  shear  strength  (ILSS)  was  calculated  using  the  coupon  dimension  and  peak 
loads  shown  in  Appendix  B.  The  absolute  strengths  for  each  coupon  were  normalised 
relative  to  the  average  25  °C  dry  ILSS  for  that  material.  The  average  absolute  and 
normalised  ILSS  data  is  shown  in  Appendix  B  and  plotted  in  Figure  3-2. 

The  failed  coupons  were  examined  visually  and  photographed.  As  there  was  no  difference 
in  the  appearance  of  coupons  for  each  material  only  the  T650/PR500  coupons  are  shown 
in  Figure  3.3.  There  was  very  little  difference  between  the  coupons  prior  to,  and  after, 
failure  at  all  temperatures,  although  the  120  °C  coupons  exhibited  a  slight  bend. 

3.4  ±45°  tension 

The  shear  stress-shear  strain  (t-y)  behaviour  of  each  coupon  that  was  fitted  with  a  biaxial 
strain  gauge  or  biaxial  extensometer  was  plotted.  The  t-y  behaviour  was  very  similar  for 
all  materials  and  conditions,  a  typical  example  being  shown  in  Figure  3-4.  There  was  an 
initial  linear  response  followed  by  a  gradual  softening  to  failure.  The  y  at  the  transition 
from  linear  to  non-linear  behaviour  varied  widely  with  final  failure  typically  occurred  at 
axial  strains  in  excess  of  70,000  ps,  well  beyond  the  range  of  validity  (y  =  50,000  pe)  for  the 
±45°  tension  test. 

Summaries  of  the  ±45°  tension  test  and  reduced  data  are  shown  in  Appendix  C.  The 
absolute  ±45°  tension  strength  for  each  coupon  was  normalised  relative  to  the  average 
25°C  dry  ±45°  tension  strength  for  that  material.  This  data  is  plotted  in 
Figure  3-5. 

Representative  failed  coupons  were  photographed  and  are  shown  in  Figure  3-6  to  Figure 
3-8.  Figure  3-6  shows  that  the  appearance  of  the  AS4/3501-6  was  similar  at  all 
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Figure  3-2:  Normalised  and  absolute  ILSSfor  (a)  AS4/3501-6,  (b)  T650/F584  and  (c)  T650/PR500. 
ETD  data  is  shown  as  solid  markers  and  lines,  ETW  data  is  shown  as  open  markers  and  dotted  lines 
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Figure  3-3:  Representative  failed  T650/PR500 ILS  coupons 
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Figure  3-4:  Shear  behaviour  of  wet  T650/F584  ±43°  tension  coupons  over  the  range  of  the  biaxial 
extensometer.  Both  temperature  and  coupon  number  are  indicated 


temperatures  and  conditions.  Failure  occurred  within  the  gauge  and  consisted  of  ply 
splitting  with  long  fibre  pull-out.  Slitting  of  the  surface  plies  was  observed  along  the  entire 
gauge  length  but  very  little  apparent  necking. 

In  contrast.  Figure  3-7  shows  the  dry  T650/F584  to  have  more  localised  damage  with 
distinct  necking  at  105  and  120  °C.  Wet  coupons  showed  localised  necking  at  50  and  80  °C 
then  narrowing  of  the  entire  coupon  at  105  and  120  °C.  The  fibre  pull-out  on  all  failure 
faces  was  much  shorter  than  for  the  AS4/3501-6. 
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Figure  3-5:  Normalised  and  absolute  ±45°  tension  strength  for  (a)  AS4/3501-6,  (b)  T650/F584,  and 
(c)  T650/PR500.  ETD  data  is  shown  as  solid  markers  and  lines,  ETW  data  is  shown  as  open 

markers  and  dotted  lines 
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Figure  3-6:  Representative  failed  (a)  dry  and  (b)  moisturised  AS4/3501-6  ±45°  tension  coupons. 
The  test  temperature  is  indicated  on  each  coupon 
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Figure  3-8  shows  the  fibre  pull-out  zone  of  all  T650/PR500  coupons  to  be  between  that  of 
the  AS4/ 3501-6  and  T650/F584.  The  dry  coupons  showed  a  distinct,  broad  neck,  that 
increased  in  length  as  temperature  increased.  At  120  °C  the  neck  had  extended  to  become  a 
narrowing  of  the  entire  gauge  length.  The  wet  coupons  were  similar  to  the  dry  coupons 
except  that  the  neck  was  longer  at  each  temperature,  so  for  example  the  neck  in  the  wet 
105  °C  coupon  extended  the  full  gauge  length. 

3.5  Open  hole  compression 

The  stress-strain  (a-s)  behaviour  of  each  coupon  was  very  similar  for  all  materials  in  both 
the  dry  and  wet  condition.  Figure  3-9  shows  a  typical  response.  The  only  difference  in  the 
essentially  linear  response  for  all  materials  was  a  reduction  in  failure  strain  as  temperature 
increased. 

Summaries  of  the  OHC  test  and  reduced  data  are  shown  in  Appendix  D.  The  absolute 
OHC  strength  of  each  coupon  was  normalised  relative  to  the  average  25  °C  dry  OHC 
strength  for  that  material.  The  modulus  and  strain  to  failure  are  plotted  in  Figure  3-10  and 
the  OHC  strength  in  Figure  3-11.  The  moisture  content  of  the  traveller  coupons  was 
calculated  and  is  plotted  in  Figure  3-12. 

Ten  additional  OHC  coupons  were  tested.  These  were  manufactured  from  T300J/DA508 
prepreg  tape  by  CEAT  and  sent  to  Australia.  The  data  is  tabulated  in  Appendix  D  and 
plotted  in  Figure  3-13. 

The  failed  OHC  coupons  were  photographed  with  representative  examples  being  shown 
in  Figure  3-14  to  Figure  3-16. 
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Figure  3-10:  Normalised  and  absolute  OHC  modulus  and  strain  to  failure  for  (a)  AS4/3501-6,  (b) 
T650/F584,  and  (c)  T650/PR500.  Solid  markers  and  line  are  ETD  data.  Open  markers  and  dotted 

lines  are  ETW  data 
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Figure  3-11:  Normalised  and  absolute  OHC  strength  for  (a)  AS4/3501-6,  (b)  T650/F584,  and  (c) 
T650/PR500.  ETD  data  is  shown  as  solid  markers  and  lines,  ETW data  is  shown  as  open  markers 

and  dotted  lines 
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Temperature  (°C) 


♦  AS4/3501-6 
■  T650/F584 
▲  T650/PR500 

- Linear:  AS4/3501-6 

- Linear:  T650/F584 

- Linear:  T650/PR500 


Figure  3-12:  Equilibrium  moisture  content  of  samples  cut  from  OHC  test  coupons  immediately 

after  testing 
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Figure  3-13:  Normalised  and  absolute  OHC  (a)  modulus,  (b)  strain-to-failure,  and  (c)  strength  of 

dry  T300J/DA508 
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Figure  3-14:  Representative  failed  AS4/3501-6  OHC  coupons 


29 


DSTO-TR-1708 


25  °C 


50  °C 


105  °C 


120  °C 


80  °C 


Moisturised 


Figure  3-15:  Representative  failed  T650/F584  OHC  coupons 
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Figure  3-16:  Representative  failed  T650/PR500  OHC  coupons 
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3.6  Compression  after  impact 

There  was  considerable  variation  in  the  C-scans  of  the  impacted  AS4/3501-6.  As  shown  in 
Figure  3-17  the  dry  coupons  showed  either  an  approximately  circular  central  region 
(Figure  3-17  (a))  or  the  same  heavily  damaged  central  region  coupled  with  a  broad,  but 
less  heavily  damaged,  outer  region  (Figure  3-17  (b)).  The  wet  coupons  showed  both  of 
these  features  (Figure  3-17  (c)  and  (d))  and  the  classic  dumbbell  shaped  damage  as 
reported  in  the  literature  (Figure  3-17  (e).  In  contrast,  as  shown  in  Figure  3-18,  the  shape 
and  size  of  impact  damage  in  each  of  the  other  two  materials  was  consistent.  The  impact 
damage  area  was  calculated  and  is  tabulated  in  Appendix  E  and  plotted  in  Figure  3-19. 

The  stress-strain  (a-s)  behaviour  of  each  coupon  was  very  similar  for  all  materials  in  both 
the  dry  and  wet  condition.  Figure  3-20  shows  the  response  for  wet  T650/F584.  The  only 
difference  in  the  essentially  linear  to  failure  response  for  all  materials  was  being  a 
reduction  in  failure  strain  as  temperature  increased. 

Summaries  of  the  CAI  test  and  reduced  data  are  shown  in  Appendix  E.  The  absolute  CAI 
properties  for  each  coupon  were  normalised  relative  to  the  average  25  °C  dry  CAI 
property  for  that  material.  The  mechanical  properties  are  plotted  in  Figure  3-21  and  Figure 
3-22  and  the  moisture  content  is  plotted  in  Figure  3-23. 


(a)  (b)  (c)  (d)  (e) 

Figure  3-17:  Typical  C-Scan  images  from  dry  (a)  B12,  (b)  B15  and  wet  (c)  A7,  (d)  A15,  (e)  A3 

AS4/3501-6 


(a)  (b)  (c)  (d) 

Figure  3-18:  Typical  C-scan  images  from  (a)  dry  (A12)  and  (b)  wet  (B14)  T650/F584  and  (c)  dry 

(000407)  and  (d)  wet  (000308)  T650/PR500 
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Figure  3-19:  Damage  areas  on  the  (a)  AS4/3501-6,  (b)  T650/F584  and  (c)  T650/PR500  coupons. 
Solid  and  open  markers  represent  the  dry  and  wet  coupons  respectively 
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Figure  3-20:  CAI  behaviour  of  moisturised  T650/F584 
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Figure  3-21:  Normalised  and  absolute  CAI  modulus  and  strain  to  failure  for  (a)  AS4/3501-6,  (b) 
T650/F584,  and  (c)  T650/PR500.  Solid  markers  and  line  are  ETD  data.  Open  markers  and  dotted 

lines  are  ETW  data 
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Figure  3-22:  Normalised  and  absolute  CAI  strength  for  (a)  AS4/3501-6,  (b)  T650/F584,  and  (c) 
T650/PR500.  ETD  data  is  shozvn  as  solid  markers  and  lines,  ETW data  is  shown  as  open  markers 

and  dotted  lines 
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Figure  3-23:  Equilibrium  moisture  content  of  samples  cut  from  CAI  test  coupons  immediately  after 

testing 


Failure  in  the  CAI  coupons  originated  at  the  impact  site  and  propagated  laterally  to  the 
edge  of  the  coupon.  The  central  40  mm  (20  mm  each  side  of  the  failure)  was  cut  from  one 
coupon  of  each  test  condition  and  photographed. 

There  was  little  visible  sign  of  failure  in  the  AS4/3501-6  coupons  (Figure  3-24),  and  little 
change  between  the  specimens.  At  most  the  microbuckle  line  may  have  been  slightly  more 
pronounced  as  temperature  increased,  however  this  difference  was  subtle. 

This  contrasts  with  the  T650/F584  shown  in  Figure  3-25.  There  was  an  obvious  bulge, 
containing  the  microbuckled  material,  across  the  width  of  each  coupon.  The  size  and 
shape  of  the  bulge  was  reasonably  consistent  for  each  condition  (dry  or  wet)  as 
temperature  increased.  However  the  appearance  of  the  dry  and  wet  coupons  was  clearly 
different.  The  dry  coupons  had  an  as-manufactured  smooth  and  shiny  appearance.  The 
wet  coupons  appeared  roughened  and  dull  and  the  surface  had  a  slight  powdery  feel. 
When  these  coupons  were  cut  the  fibres  protruded  from  the  face  by  up  to  a  few 
millimetres. 

The  appearance  of  the  T650/PR500  failures  in  Figure  3-26  was  similar  to  the  dry 
T650/F584.  An  obvious  bulge  across  the  full  width  of  the  specimen.  In  contrast  with  the 
T650/F584,  the  surface  of  both  dry  and  wet  coupons  was  very  similar,  smooth  and  shiny. 


36 


A€>7f 


DSTO-TR-1708 


Loading  direction 
Dry 


25  °C  50  °C  80  °C  105  °C  120  °C 


Figure  3-24:  Representative  failure  regions  on  AS4/3501-6  CAI  coupons 
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Figure  3-25:  Representative  failure  regions  on  T650/F584  CA1  coupons 
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4.  Discussion 


4.1  Fibre  volume  fraction 

The  Vf  for  each  of  the  AS4/3501-6  and  T650/F584  prepregs  was  within  1  %  of  the  average 
because  the  curing  pressure  (under  vacuum  bag  in  autoclave)  was  the  same  for  all  panels 
of  each  material. 

There  was  a  moderate  difference  in  the  Vf  of  the  T650/PR500  coupons,  from  48.9  vol.  %  for 
CAI  up  to  55.1  vol.  %  for  OHC.  This  material  was  manufactured  in  a  closed  mould  by 
RTM.  Variability  arose  because  the  panels  for  each  coupon  type  were  made  using  different 
moulds.  Only  two  or  three  panels  were  manufactured  from  each  mould  so  the  processing 
parameters,  particularly  the  pressure  of  the  press  that  closed  the  mould,  were  not 
optimised  to  obtain  an  exact  Vf.  More  importantly,  the  conditions  for  each  coupon  type 
were  the  same,  as  was  reflected  by  the  small  variation  of  Vf  for  coupons  of  each  test  type. 
The  test  results  were  not  normalised  to  a  standard  Vf  because  the  variability  will  not  affect 
adversely  the  comparison  of  properties  as  the  comparisons  were  performed  separately  for 
each  test. 

4.2  Glass  transition  temperature 

The  Tg  quoted  in  Table  5  for  the  dry  coupons  were  regarded  as  accurate.  The  Tg  of  the  wet 
coupons  would  be  lower  than  that  reported  because  some  drying  of  these  coupons  would 
have  occurred  during  the  DMTA  run.  This  problem  is  inherent  to  Tg  measurement  in 
coupons  containing  absorbed  moisture.  Heating  is  required  to  determine  the  Tg,  however 
this  dries  the  coupon,  artificially  increasing  Tg.  The  usual  approach,  and  that  used  for  these 
tests,  was  to  use  the  same  heating  rate  so  that  although  the  extent  of  the  drying  was  not 
controlled  all  coupons  were  treated  equally.  This  error  may  be  a  problem  if  equations 
relating  ETD  and  ETW  properties  required  an  accurate  measure  of  Tg. 

Clearly  the  effect  of  moisture  was  substantial  on  the  early  generation  3501-6  resin  system. 
The  53  °C  fall  brought  wet  Tg  down  to  approximately  the  same  level  as  the  wet  Tg  of  the 
second  generation  F584  resin,  although  the  dry  Tg  of  the  latter  was  26  °C  lower.  This 
difference  can  be  partially  explained  by  the  difference  in  moisture  absorption  between  the 
two  systems.  The  Tg  of  AS4/3501-6  fell  by  37  °C  for  every  1  wt  %  of  absorbed  moisture 
while  the  Tg  of  T650/F584  fell  by  26  °C  for  every  1  wt  %  of  moisture  absorbed.  The 
AS4/3501-6  absorbed  20  %  more  moisture  than  the  T650/F584  and  so  the  drop  in  Tg  was 
correspondingly  larger. 

The  more  recently  developed  T650/PR500  was  formulated  for  good  retention  of  hot/ wet 
properties  [14],  It  certainly  absorbed  substantially  less  moisture  than  the  two  other  systems 
however  this  alone  does  not  explain  the  much  lower  fall  in  Tg.  Table  5  shows  that  Tg  for 
this  material  fell  by  slightly  less  than  10  °C  for  every  1  wt  %  of  moisture.  The  resin 
chemistry  has  been  modified  to  both  reduce  moisture  absorption  and  give  an 
approximately  three-fold  increase  in  resistance  to  the  plasticising  effects  of  absorbed  water 
when  compared  to  previous  generation  epoxy  resins. 
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4.3  Interlaminar  shear 

The  shapes  of  the  strength  versus  temperature  plots  for  AS4/ 3501-6  and  T650/PR500  in 
Figure  3-2  were  not  dissimilar.  It  is  conceivable  that  ETW  ILSS  may  be  approximated  from 
ETD  ILSS  on  the  basis  of  a  fixed  temperature  difference.  This  is  much  more  feasible  for 
T650/PR500  than  AS4/3501-6.  The  ETW  knockdown  (ETW  strength/ETD  strength  at  a 
particular  temperature)  for  AS4/ 3501-6  ILSS  at  each  test  temperature  was  large.  For 
example,  assuming  the  data  is  linear  then  an  ETW  test  at  77  °C  would  be  simulated  by  an 
ETD  test  at  187  °C.  Although  this  is  still  22  °C  below  the  Tg  for  dry  AS4/3501-6,  further 
testing  would  be  required  to  verify  that  the  ILSS  behaviour  remained  linear  at 
temperatures  above  120  °C.  Such  tests  were  beyond  the  scope  of  this  program. 

There  was  a  moderate  divergence  of  the  ETW  and  ETD  curves  for  T650/F584  that  would 
make  such  predictions  prone  to  larger,  but  possibly  not  unacceptable,  errors. 

The  similarity  in  appearance  of  the  failed  coupons  supports  the  possibility  of  substituting 
ETW  tests  with  ETD  tests.  However,  as  indicated  previously,  additional  ETD  tests  would 
need  to  be  conducted  at  temperatures  up  to  190  °C  to  verify  that  this  remained  the  case. 

In  contrast  with  the  hypothetical  relation  shown  in  Figure  1-1,  Figure  3-2  showed  that  the 
ILSS  knockdown  at  25  °C  for  each  material  was  10  to  25  %.  This  behaviour  has  been 
reported  previously  [15].  It  is  possible  that  the  difference  in  ETD  and  ETW  strength  may 
diminished  at  sub-ambient  temperatures,  however  it  appears  that  the  effect  of  moisture  on 
the  composites  is  more  complex  than  merely  reducing  Tg  and  bringing  any  test 
temperature  closer  to  the  resin  Tg.  The  moisture  may  preferentially  migrate  to  the 
fibre/ resin  interface  and  modify  the  fibre/resin  bonding  and/or  fibre/ resin  interphase. 
Further  work  is  required  to  establish  the  cause  of  this  drop  in  properties. 

Figure  3-2  was  compared  with  the  equivalent  figure  in  reference  [5].  The  T300/914  and 
IM7 / 977-2  materials  showed  the  same  approximately  linear  behaviour,  at  approximately 
the  same  absolute  ILSS,  as  the  AS4/3501-6,  T650/F584  and  T650/PR500.  The  ETW 
knockdown  for  the  T300/914  and  IM7/ 977-2  was  very  low.  This  was  attributed  to  a  long 
delay  between  conditioning  and  testing  and  the  conclusion  that  the  moisture  content  in 
these  ETW  coupons  was  low. 


4.4  ±45°  tension 

The  x-y  behaviour  shown  on  Figure  3-4  is  the  classic  behaviour  for  PMCs,  an  initially  linear 
response  followed  by  gradual  softening  to  final  failure.  In  the  ±45°  tension  test  the  applied 
load  is  supported  largely  by  the  resin  and  the  mechanical  response  of  the  composite  will 
closely  follow  that  of  the  resin.  The  shear  stiffness  and  shear  strength  of  the  resin 
decreased  with  increasing  temperature  because  of  increased  epoxy  polymer  chain 
mobility. 

The  effect  of  temperature  and  moisture  content  on  ±45°  tension  strength  is  shown  in 
Figure  3-5.  There  was  a  substantial  difference  between  the  materials.  The  relations  for 
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T650/F584  and  T650/PR500  were  much  closer  to  the  parallel  ILSS  curves.  The  temperature 
knockdown  was  approximately  70  °C  for  T650/F584  and  15  °C  for  T650/PR500.  These 
were  similar  to  the  behaviour  of  IM7 / 977-2,  which  had  a  temperature  knockdown  of  25  °C 
[5], 

The  data  for  AS4/ 3501-6  matched  the  classic  plot  that  was  illustrated  in  Figure  1-1.  As 
shown  in  Figure  4-1  the  ETW  data  was  an  excellent  match  for  the  model  proposed  by 
Chamis  [16]  and  shown  as  Equation  2.  However  this  was  the  only  data  from  the  present 
work  that  fitted  this  model.  It  is  possible  that,  for  the  reasons  described  in  the  sixth 
paragraph  of  Section  4.6,  the  model  may  also  fit  reasonably  the  AS4/3501-6  CAI  data.  The 
very  limited  predictive  capability  of  Equation  2  is  not  surprising  given  that  it  was  an 
empirical  curve  fit  of  some  properties  of  first  generation  epoxy  composites  reported  in  the 
mid  1970' s.  It  is  clear  that  factors  in  addition  to  the  temperature  difference  between  the  test 
and  Tg  must  be  considered  when  predicting  hygrothermal  composite  properties. 
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r  ETW 
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rRTD 


Hr  ^t 
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\  Tgw  ~  TR1 
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Where: 

Petw  =  Resin  mechanical  property  in  the  ETW  condition 

Prtd  =  Resin  mechanical  property  in  the  room  temperature  dry  (RTD)  condition 
Tgw  =  Tg  of  the  wet  material  (K) 

T  =  Test  temperature  (K) 

Trt  -  298  K 

Fractography  showed  splits  in  the  surface  plies  along  the  full  gauge  length  of  AS4/3501-6 
coupons  tested  at  low  temperature.  These  became  less  visible  and  more  confined  to  the 
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Figure  4-1:  Normalised  and  absolute  ILSS  for  AS4/3501-6  with  predicted  ETW  from  Equation  2 
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final  failure  region  as  test  temperature  and  moisture  content  rose.  The  presence  of,  and 
variations  in,  splitting  occurred  because  the  coupons  were  manufactured  from 
unidirectional  tape.  At  low  temperature  the  resin  had  sufficient  strength  to  redistribute 
loads  around  split  surface  plies,  leading  to  splitting  along  the  entire  gauge  length.  As 
temperature  rose  and  the  strength  of  the  resin  fell,  the  load  that  could  be  transferred  was 
reduced.  If  splitting  occurred  in  one  location  it  was  less  likely  that  the  loads  would  be 
redistributed  to  adjacent  surface  plies  because  the  stiffness  and  strength  of  the  resin  was 
too  low  to  redistribute  effectively  this  load.  In  contrast  the  T650/F584  and  T650/PR500 
were  manufactured  from  a  woven  fabric.  At  elevated  temperatures  and  in  the  wet 
condition  the  reduced  matrix  stiffness  and  strength  allowed  for  easier  scissoring  of  the 
fabric  (where  the  angle  between  the  0°  and  90°  fibre  tows  decreased).  In  this  situation  the 
softer  the  matrix  then  the  more  extensive  the  deformation. 

The  failure  features  were  a  function  of  both  temperature  and  moisture  content.  For 
example  Figure  3-5  shows  that  for  T650/F584  the  50  °C  ETW  strength  was  approximately 
the  same  as  that  for  the  105  °C  ETD  condition  and  for  T650/PR500  the  80  °C  ETW  test  gave 
approximately  the  same  strength  as  the  105  °C  ETD  test.  The  failure  appearance  of  the  two 
T650/F584  examples  (Figure  3-7)  were  reasonably  similar,  but  not  so  the  T650/PR500 
(Figure  3-8).  These  changes  make  it  more  difficult  to  justify  substituting  ETW  test  with 
ETW  tests. 

4.5  Open  hole  compression 

The  approximately  linear  cr-s  plots  shown  in  Figure  3-9  were  expected.  The  load  in 
compression  tests  with  more  than  10  %  or  so  of  fibres  oriented  in  the  loading  direction  is 
supported  by  those  fibres.  The  initial  mechanical  response  of  the  composite  at  different 
temperatures  and  moisture  contents  will  be  very  similar  because  the  environment  does  not 
affect  the  fibres.  The  elastic  modulus  of  each  material  remained  approximately  constant  for 
all  tests  (45-50  GPa  for  AS4/ 3501-6  and  40-45  GPa  for  T650/F584  and  T650/PR500). 
Stiffness  is  controlled  largely  by  the  waviness  of  the  load  bearing  fibres.  The  AS4/3501-6 
laminates  were  stiffer  because  they  were  fabricated  from  unidirectional  tape,  whereas  the 
T650  fibres  were  in  the  form  of  a  plain  woven  fabric  with  fibres  that  undulated  about  the 
0°  direction. 

Failure  in  compression  is  caused  by  microbuckling  of  the  load  bearing  fibres.  The  load  at 
which  buckling  occurred  is  controlled  by  fibre  waviness,  matrix  stiffness  and  matrix  yield 
strength  in  the  presence  of  fibres.  Thus,  as  the  resins  softened  and  weakened  due  to 
increasing  temperature  and  moisture  content,  then  compression  strength  fell. 

The  trends  in  strain-to-failure  for  the  materials  followed  closely  those  for  strength  because 
of  the  approximately  linear  ct-s  behaviour. 

Figure  3-11  showed  that  strength  fell  with  increasing  temperature  and  moisture  content, 
with  no  apparently  consistent  relation  between  ETW  and  ETD  strength.  The  knockdown 
appeared  to  be  linearly  expanding  for  AS4/3501-6,  non-linear  expanding  for  T650/F584 
and  fixed  for  the  T650/PR500.  Clearly  accurate  prediction  of  ETW  properties  on  the  basis 
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of  ETD  data  requires  models  to  account  for  more  than  just  the  depression  in  Tg. 
Establishing  such  models  was  beyond  the  scope  of  this  program. 

Fractography  showed  that  all  coupons  failed  by  microbuckling  in  the  ligament  between 
the  edge  of  the  hole  and  the  nearest  coupon  edge.  In  addition  there  was  no  difference  in 
the  appearance  of  each  material  regardless  of  temperature  and  moisture  content.  This 
indicates  that  the  failure  mechanism  did  not  change.  Any  failure  model  would  need  only 
to  establish  the  appropriate  parameters  to  predict  the  onset  of  unstable  microbuckling.  As 
stated  in  the  previous  paragraph,  this  was  outside  to  scope  of  this  program. 

Figure  3-11  was  compared  with  the  equivalent  figure  in  reference  [5].  The  OHC  strength  of 
T300/914  and  IM7/ 977-2  was  significantly  higher.  Recalculating  the  strength  of  AS4/3501- 
6,  T650/F584  and  T650/PR500  using  net  section  stress,  rather  than  gross  section  stress, 
increased  strength  by  approximately  17  %  and  largely  addressed  this  discrepancy.  As  with 
the  ILS  and  ±45°  tension  results,  the  ETW  knockdown  was  substantially  larger  in  Figure 
3-11  (10  to  30  %)  than  reference  [5]  (less  than  5  %).  The  former  is  consistent  with  the 
literature  and  suggests  that  the  T300/914  and  IM7/977-2  coupons  were  not  fully 
moisturised  during  testing. 

Figure  3-12  supports  the  concerns  regarding  moisture  loss  that  were  made  in  Section  2.2, 
and  the  measures  taken  to  ameliorate  it.  It  was  found  that  the  moisture  content  of 
AS4/3501-6  and  T650/F584  coupons  tested  at  120  °C  was  approximately  0.2  wt  %  lower 
than  at  25  °C.  This  demonstrates  the  very  high  diffusion  rates  at  elevated  temperature  and 
that  without  the  measures  taken  in  this  work  the  moisture  loss  may  well  have  been  higher. 

The  relatively  rapid  loss  of  moisture,  remembering  that  the  OHC  coupons  were  only  in  the 
ETW  environment  for  five  minutes  and  CAI  coupons  for  twelve  minutes,  also  highlights 
that  assuming  a  uniform  distribution  of  moisture  through  a  real  structure  (the  end-of-life 
condition),  and  going  to  significant  effort  to  maintain  the  full  equilibrium  moisture  level 
during  testing,  will  be  very  conservative.  It  is  unlikely  that  a  military  aircraft  will 
experience  both  high  loads  and  the  maximum  operating  temperature  simultaneously. 
High  loads  are  expected  during  combat  manoeuvres,  however  this  typically  occurs  well 
after  take  off,  perhaps  after  a  high  speed  transit  where  composite  materials  have  had  an 
opportunity  to  warm  and  dry.  MOF  conditions  are  expected  when  the  aircraft  is  left  on  the 
ground  in  the  sun  or  during  high-speed  flight.  In  both  of  these  cases  the  applied  loads  are 
relatively  low. 

Results  for  the  T300J/DA508  coupons  must  be  treated  with  caution.  The  modulus 
increased  by  10  %  from  25  °C  to  50  °C  then  remained  constant  for  the  remaining  tests.  The 
drop  in  OHC  strength  with  increasing  temperature  was  very  low,  at  120  °C  it  was  still 
approximately  95  %  of  the  25  °C  strength.  Commensurate  with  a  linear  a-s  behaviour,  the 
trends  in  strain-to-failure  followed  those  of  strength  and  remained  close  to  the  25  °C  value 
for  all  tests.  This  was  in  contrast  to  the  results  for  the  other  materials  and  tests  shown  in 
this  report  and  reference  [5],  where  modulus  remained  approximately  constant  and 
strength  fell  substantially  with  elevated  temperature. 
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A  likely  explanation  for  the  strength  retention  was  that  the  T300J /DA508  coupons  were 
overheated  during  the  lower  temperature  tests.  These  coupons  were  tested  in  order  from 
120  °C  then  105  °C  then  80  °C  and  finally  50  °C,  with  only  a  few  minutes  break  between 
tests  at  each  temperature.  While  the  environment  within  the  chamber  may  have  fallen 
rapidly  and  equilibrated  at  the  lower  test  temperature,  it  is  possible  that  the  relatively 
massive  anti-buckling  guides  retained  much  of  their  heat.  Thus  the  120  °C  test  result  could 
be  considered  accurate  while  the  lower  temperature  values  may  be  considered  as 
artificially  depressed.  This  hypothesis  is  supported  by  the  observation  that  the  average  net 
strength  of  T300J/DA508  was  327  MPa  at  120  °C.  Comparable  with  the  equivalent  values 
for  T300/914  and  IM7/977-2  of  395  and  332  MPa  respectively  [5].  However  the  strength  of 
T300J/DA508  at  lower  temperatures  was  substantially  below  the  equivalent  strengths  of 
these  materials. 

This  explanation  does  not  however  account  for  the  results  of  the  25  °C  tests  on 
T300J/DA508.  The  tests  at  this  temperature  were  conducted  on  the  following  day,  by 
which  time  the  temperature  of  the  test  fixtures  had  certainly  fallen  to  ambient  laboratory 
temperature.  No  satisfactory  explanation  was  found  for  the  relatively  low  modulus  and 
strength  measured  for  T300J/DA508  at  25  °C. 

4.6  Compression  after  impact 

The  impact  damage  area  data  from  Appendix  E  was  averaged  and  is  shown  in  Table  6.  It 
shows  that  the  area  on  AS4/ 3501-6  coupons  was  substantially  larger  and  more  variable 
than  that  in  T650/F584  and  T650/PR500  coupons.  A  number  of  factors  contribute  to  this 
difference,  two  of  which  are  presented  briefly.  The  first  is  the  flatness  of  the  fracture  face. 
The  inter-ply  regions  are  very  smooth,  straight  and  flat  in  tape  laminates.  In  fabrics  this 
region  is  undulating  within  each  fabric  ply  and  even  more  so  between  adjacent  plies 
because  of  fibre  nesting.  The  second  major  factor  is  that  the  wavy  fibres  in  fabrics  can 
accommodate  more  straightening  without  transmitting  loads  through  to  regions  remote 
from  the  impact  site,  through  mechanisms  such  as  plastic  tow  straightening  [17], 

Table  6  also  shows  that  the  area  and  variability  of  dry  coupons  tended  to  be  larger  than  the 
wet  material.  T650/PR500  did  not  follow  this  trend  but  the  difference  was  small.  This 
variability  indicated  that  absorbed  moisture  influenced  the  extent  of  impact  damage  in  a 
more  complex  way  than  merely  plasticising  the  resin.  This  supports  further  this  assertion 
made  in  Section  4.5. 


Table  6:  Summary  of  impact  damage  area  data  from  Appendix  E 


Material 

Dry 

Wet 

Damage  area 
(mm2) 

Coefficient  of 
variance  (%) 

Damage  area 
(mm2) 

Coefficient  of 
variance  (%) 

AS4/3501-6 

2559 

30.9 

1515 

30.7 

T650/F584 

724 

8.8 

643 

7.4 

T650/PR500 

560 

12.0 

602 

10.4 
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As  with  the  OHC  tests,  the  shape  of  the  a-s  plots  were  dictated  by  the  load  bearing  0° 
fibres  and  failure  was  initiated  when  the  matrix  yielded  and  allowed  microbuckling  of  the 
load  bearing  fibres.  The  modulus  of  each  material  was  relatively  constant  for  all  tests  and 
the  strain-to-failure  followed  the  same  trends  as  the  strength. 

The  behaviour  of  AS4/3501-6,  as  shown  in  Figure  3-22,  was  unlike  that  of  this  material  in 
the  ILS,  ±45°  tension  and  OHC  tests.  The  CAI  strength  of  the  dry  material  showed  very 
little  drop  with  temperature,  134  MPa  @  25  °C  and  129  MPa  @  120  °C.  The  magnitude  of 
the  test  results  appear  reasonable  because  the  CAI  strain-to-failure  was  approximately 
3000  ps,  which  is  close  to  that  used  as  the  design  allowable  for  this  material.  It  is  unlikely 
that  this  effect  was  caused  by  variable  damage  area  because  the  average  damage  area 
actually  increased  marginally  from  25  to  105  °C. 

Evidence  that  this  data  was  valid,  and  not  caused  by  poor  experimental  technique,  was 
gained  from  the  CAI  results  presented  in  reference  [5].  The  CAI  strength  of  dry  IM7/ 977-2 
impacted  with  31  J  was  200  MPa  @  25  °C  and  190  MPa  @  120  °C,  a  fall  that  was  comparable 
to  the  AS4/3501-6.  Possibly  the  CAI  strength  is  so  low  at  25  °C  that  even  reducing  resin 
stiffness  and  strength  has  little  effect  on  CAI  behaviour. 

The  ETW  CAI  strength  of  AS4/ 3501-6  was  mostly  higher  than  the  ETD  CAI  strength.  This 
was  most  likely  due  to  the  much  larger  damage  area  on  wet  coupons.  Average  area  was 
2559  mm2  for  dry  and  1515  mm2  for  wet  coupons.  The  effects  of  this  reduced  damage  area 
may  be  quantified  by  assuming  the  impact  damage  acted  as  an  open  hole.  Models  that 
predict  the  strength  of  composite  laminates  in  the  presence  of  open  holes,  such  as  Whitney 
and  Nuismer's  point  and  average  stress  criteria,  could  be  used  to  predict  the  strength  of 
the  ETW  coupons  with  the  same  damage  area  as  the  ETD  coupons.  Such  analysis  is 
beyond  the  scope  of  this  program. 

Behaviour  of  T650/F584  and  T650/PR500  was  consistent  with  that  observed  in  the  ILS, 
±45°  tension  and  OHC  tests.  CAI  strength  fell  with  increasing  temperature  and  moisture 
content.  There  was  a  relatively  large  difference  in  the  ETW  knockdown  for  T650/F584  and 
a  very  small  knockdown  for  T650/PR500.  The  ETW  knockdown  varied  and  certainly  could 
not  be  predicted  on  the  basis  of  ETD  strength  and  Tg  alone. 

Figure  3-23  shows  that  the  moisture  losses  measured  in  the  CAI  coupons  were  similar  to 
those  from  the  OHC  testing.  The  AS4/3501-6  and  T650/F584  each  lost  0.2  wt  %  moisture. 
In  contrast  with  the  OHC  tests  even  the  T650/PR500  CAI  coupons  lost  0.1  wt  %  moisture 
at  120  °C.  In  all  cases  the  moisture  loss  was  an  approximately  linear  function  of  test 
temperature.  It  was  surprising  that  the  large  exposed  face  and  extended  soak  time  in  the 
dry  air  did  not  increase  substantially  the  amount  of  moisture  lost  from  the  CAI  coupons  at 
higher  temperatures. 

As  with  the  OHC  coupons,  failure  occurred  by  microbuckling.  Although  the  appearance  of 
the  microbuckles  was  different  on  AS4/3501-6  (Figure  3-24)  and  T650/PR500  (Figure  3-25), 
moisture  or  temperature  did  not  affect  the  failure  morphology  of  each  material.  Thus 
changing  failure  features  would  not  be  a  reason  to  prevent  ETD  tests  being  used  to 
simulate  ETW  tests  for  these  materials. 
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In  contrast  the  T650/F584  showed  distinct  differences  between  the  ETD  and  ETW  coupons 
The  ETW  surface  was  dull  and  powdery,  and  there  was  easily  pull-out  of  fibres  when 
cutting.  This  suggests  that  the  moisture  had  reduced  substantially  the  bond  between  the 
resin  and  fibre.  While  this  did  not  appear  to  change  the  failure  mechanism,  which  was  still 
fibre  microbuckling  in  both  the  ETD  and  ETW  cases,  the  changed  behaviour  would  need 
to  be  accounted  for  if  ETW  testing  were  to  be  substituted  by  ETD  testing. 

The  dull  appearance  of  wet  T650/F584  CAI  coupons  was  not  observed  to  anywhere  near 
the  same  extent  on  the  ILS,  ±45°  tension  and  OHC  coupons.  The  most  likely  explanation 
for  this  difference  is  that  the  fibre/resin  bond  was  weakened  equally  on  those  coupons, 
however  the  shock  loading  from  the  impact  strike  caused  extensive  fibre/ resin  disbonding 
in  the  CAI  coupons.  This  facilitated  easier  cracking  of  the  resin  during  testing. 


5.  Conclusions 


The  effect  of  temperature  and  moisture  on  the  resin  dominated  properties  of  three 
aerospace  grade  composites  was  determined.  It  was  found  that  there  was  no  simple 
relation  between  properties  in  the  ETD  and  ETW  condition. 

Apart  from  the  general  trend  of  strength  falling  with  increasing  temperature  and  moisture 
content  there  was  no  consistent  relation  between  the  ETW  and  ETD  behaviour.  Both  the 
ratio  of  ETD/ ETW  strength  and  the  temperature  difference  required  for  equivalent  ETD 
and  ETW  strengths  depended  on  the  material  and  type  of  test.  The  most  consistent  case 
was  the  T650/PR500,  where  the  ETW  strength  was  *0.9  of  the  ETD  strength  for  most  test 
types. 

The  analysis  described  in  this  paper  has  shown  conclusively  that  the  relationship  between 
ETD  and  ETW  strength  depended  on  material  and  test  type.  ETW  strength  of  the  materials 
tested  in  this  work  could  not  be  predicted  on  the  basis  of  ETD  strength  and  Tg  alone.  It  is 
possible  that  ETW  behaviour  can  be  predicted  but  this  would  require  additional 
parameters,  the  identification  of  which  were  beyond  the  scope  of  this  program. 
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Appendix  A:  Glass  transition  temperature  data 


The  Tg  (max  tan  8)  for  the  triplicate  specimens  that  were  tested  is  shown  in  Table  A.l. 


Table  A.l:  Tgfor  individual  coupons 


Material 

Condition 

Tg  (°C)  of  indicated  coupon 

1 

2 

3 

Average 

AS4/3501-6 

Dry 

208.87 

209.74 

208.40 

209.00 

Wet 

153.10 

154.07 

159.37 

155.51 

T650/F584 

Dry 

183.41 

183.74 

182.73 

183.29 

Wet 

149.39 

148.41 

156.81 

151.54 

T650/PR500 

Dry 

199.07 

199.06 

191.91 

196.68 

Wet 

198.08 

187.45 

188.07 

191.20 
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Appendix  B:  Interlaminar  shear  data 


The  dimensions,  maximum  load,  absolute  and  normalised  ILSS  data  are  shown  in  Table 
B.l  to  Table  B.3. 


Table  B.l:  Summary  oflLS  data  for  AS4/3501-6 


Temp 

Dry 

Wet 

Specn 

Width 

Thick. 

Vf  (%) 

Pmax 

ILSS 

Normal 

Specn 

Width 

Thick. 

Vf  (%) 

Pmax 

ILSS 

Normal 

\  V) 

(mm) 

(mm) 

(kN) 

(MPa) 

ised 

(mm) 

(mm) 

(kN) 

(MPa) 

ised 

25 

wsswt 

KX&ifl 

■SECT 

57.6 

mwm 

■nrifii 

■BEBSM 

A1 

WiKiW 

2.52 

Htn 

■>Jr/iM 

igiv/i&a 

25 

mm 

■rasa 

A2 

Htin 

BifiKB 

71.2 

25 

25-3 

56.1 

2.056 

mm® 

A3 

9.93 

79.4 

25 

25-4 

56.5 

2.112 

mma 

A4 

9.92 

81.0 

25 

mm 

Wlfl 

W4Mia 

■Hlie’ia 

A5 

Hilfl 

25 

wmi 

nn«sa 

25 

wxam 

MM 

mzwm 

wtm* 

■ny/ia 

mm* 

B| 

hiss 

wmtsa 

MMESm 

HiKB 

uttma 

mmm 

wmn 

A6 

mxim 

m*nm 

Hc*a 

■iirf&a 

in 

&MM 

H*a 

w&m 

A  7 

2.50 

IlWM 

Hfl 

wm-M 

95.3 

■•mi 

A8 

Hiin 

iHIKM 

KTilgSf 

flil 

■*wi 

■niKil 

■•Ml 

A9 

w>M&m 

70.5 

wm. a 

93.1 

■•Ml 

KTM 

mx/m 

KEE9! 

MivBM 

llMM 

m 

mm 

- 

- 

- 

- 

- 

- 

- 

m 

2.415 

- 

- 

- 

- 

- 

- 

- 

wss/rim 

WKi\\a 

mrxm 

■£»»■ 

97.7 

aiKisa 

WiK&M 

Mina 

U.%XM 

mwim 

■&XM 

wmm 

■ana 

■lEKia 

KJItl 

wmM 

mxiu 

52.1 

■IK1HM 

80 

89.1 

mwa 

9.72 

53.7 

80 

HijW 

91.7 

■•Ml 

MfXlM 

53.5 

80 

57.7 

■XI 

■»wi 

52.1 

80 

mrrxrm 

80 

Hi WM 

■iBasa 

80 

K-M&a 

KS>41 

■ilM 

mism 

anwaa 

105 

■(ttsa 

mhhtsim 

wmsm 

mwt» m 

KM 

■•M4fl 

wr&tm 

■Ha 

WMM 

HUM 

mrnam 

ii miwm 

■lgifc» 

105 

*«1 

51.7 

42.7 

105 

Hi 9U 

MiVlriM 

53.1 

giiifea 

105 

87.0 

IWI 

wrnim 

2.52 

53.5 

■MW 

105 

■tftflifl 

Kuzma 

Htn 

■$Ki 

atwism 

mvftrm 

■•Mil 

A20 

mxim 

HE  KM 

■anna 

■l  JuV/M 

BjgfflM 

MiMilim 

■*ma 

H JVM 

mmzsm 

mmm 

WMM 

ma sm 

52.1 

■K»iia 

m&xm 

■ifcW 

UMIrflll 

MKim 

WifeU 

HKH 

jmjmm 

53.3 

- 

- 

- 

120 

■KilEll 

■MEM 

■■iffigl 

75.7 

■•X#I 

ISM 

51.7 

- 

- 

- 

BBB 

iiib«;w 

mwwm 

82.1 

■•Ml 

MMM 

■niw 

53.5 

- 

- 

- 

MggiM 

■•Ml 

53.1 

- 

- 

- 

BUeftBSt 

mix  hum 

IKIM 

mwftim 

■Wi'l 

120 

IflHEIlM 

■EgiM 

77.7 

mwm 

120 

■Htl:B 

■.TtVM 

MtXUM 

KiM 

■BteM 

25 

mi k&a 

■aaw 

EEa 

mitrliM 

■MlIlB 

mtmm 

MifcfcM 

HC1M 

MafefcM 

■iv/!ia 

50 

mjuivm 

■IfliM 

w:/Am 

BEiM 

M*M 

HifcM 

maem 

MijfcM 

■lISlIlB 

80 

■SMiM 

mxrm ii 

maii-M 

emi 

HEIM 

HM 

■  lit »M 

H^f 

■llriM 

■n« 

wtwam 

WfXHVM 

56.1 

iBa 

EM 

EE1 

WiW 

Ha 

SHI 

BESE! 

— 

■aaaw 

MifigM 

mi&m 

Bsa 

9.85 

2.56 

52.7 

m 

BB3 

Stand 

ard  Dev 

lation 

25 

■lima 

ebb 

■mai 

4.6 

■nijfca 

■HIM 

MlIliM 

■iWtM 

■HL’iia 

5.2 

EEa 

KEa 

agjsa 

0.9 

■asa 

5.2 

mem 

ansiM 

mem 

MlWfSM 

5.3 

bebb 

— 

wessm 

■lIlIM 

1.2 

■lllfcM 

4.8 

BEE1 

Blllta 

miiim 

aiM 

■llllif 

1.8 

■lllilf 

■IlliM 

■iwu 

■iiiiL-a 

0.5 

wmi/m 

3.3 

■iitwia 

■lIlM 

■lIlliM 

■if 

■MBM 

1.0 

■iiiiiba 

— 

■lll’lia 

■iiiwa 

1.4 

■lllfef 

5.2 

MllBM 

MlIlEM 

■lliiM 

wiiiinum 

w-iiuui:  i 

C 

loefficient  of  Variance  (%) 

25 

0.1 

1.7 

1.7 

4.5 

4.3 

4.3 

■li-W 

0.4 

f 

7.1 

6.5 

6.5 

50 

0.2 

1.6 

1.6 

6.8 

5.3 

5.3 

B9 

0.6 

0.6 

8.4 

8.1 

8.1 

80 

0.1 

2.1 

2.1 

6.4 

5.4 

5.4 

0.9 

2.2 

2.2 

4.9 

3.2 

3.2 

■lit! 

0.3 

0.8 

H9 

4.5 

3.9 

3.9 

HI 

2.0 

2.2 

2.3 

2.3 

mssm 

0.1 

2.4 

2.4 

5.9 

6.7 

6.7 

1.6 

1.5 

1.5 

E3333 

E3333 

Eilililiiil 
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Table  B.2:  Summary  ofILS  data  for  T650/F584 


Temp 

Specn 

Width 

Thick. 

Vf  (%) 

Pmax 

ILSS 

Normal 

Specn 

Width 

Thick. 

Vf  (%) 

Pmax 

ILSS 

Normal 

(°C) 

(mm) 

(mm) 

(kN) 

(MPa) 

ised 

(mm) 

(mm) 

(kN) 

(MPa) 

ised 

25 

HiB 

M* iU 

Hlfl 

■4:£il 

KIiB 

■mwa 

D1 

m v/M 

2.51 

BIB 

mmu 

■rillB 

■iiAi:a 

25 

■aaaa 

D2 

2.51 

wmi 

74.2 

25 

mxtaxm 

D3 

2.51 

K)|i| 

72.2 

25 

2.52 

■niijta 

D4 

mmm 

atu 

»m  ■ 

72.5 

25 

■VKB 

2.57 

KIKM 

■2Jf 

■i mm 

D5 

mxam 

2.57 

50.9 

BEEBE 

■rilfcM 

■lI:W>M 

missm 

2.55 

HKil 

■Mma 

■:!«!■ 

misism 

D6 

mxi.m 

mmm 

a.i*a 

■lIliftM 

WEItS 

u mm 

D7 

mxim 

2.52 

w*m 

HfllliEM 

50 

2.50 

73.4 

D8 

9.95 

mmm 

■JWJlK 

50 

msam 

2.55 

BRI 

18BBM 

D9 

■Milil 

mm 

■SjllB 

50 

■vina 

9.77 

2.50 

■#*■ 

■cima 

mi&m 

aiBwia 

■>j[lM 

■&:}:■ 

mmm 

mwt 

■SIlB 

MIVMW 

80 

■Vi  IK 

■nii>a 

nei 

■#*■ 

a$j:a 

WMIM 

■»JIH 

mm m 

mmm 

■3KB 

■Mma 

■.hem 

■ireu-a 

80 

70.2 

mmm 

M»3M 

80 

mmtm 

■rafcB 

mmm 

50.7 

■si saw 

80 

2.50 

71.3 

amraa 

W3&5M 

51.3 

maxm, 

80 

■V1KH 

mxsm 

■OEM 

■MU 

warnm 

mn*m 

aiiana 

D15 

w?xim 

mmm 

naca 

■Mma 

a»i.a 

■irmiM 

105 

■Vi  KB 

mit/M 

mmm 

mmim 

mourn 

mm 

UtlTM 

■nima 

mmm 

Kfftil 

■Mma 

■{/!:■ 

105 

maaam 

50.7 

105 

mjm 

59.7 

u mm 

Mfcji 

UUITM 

105 

58.7 

mimarn 

mmm 

50.7 

IMlBifeM 

105 

■wna 

mxstw 

■Kama 

mum 

mbwm 

mmm 

■mma 

2.58 

msiym 

■noma 

mmu 

■igr*a 

120 

mmu 

■oiea 

m-Kim 

■3SH 

mwtnm 

mawtm 

wmn 

■»?4B 

missm 

mmu 

■3  kb 

Karma 

mmm 

■igfefeM 

120 

55.5 

muff  mu 

W3l &M 

50.7 

- 

- 

- 

120 

2.57 

53.3 

mxBim 

51.5 

- 

- 

- 

120 

2.57 

53.1 

wessm 

51.5 

- 

- 

- 

120 

■vw 

KSM 

2.49 

mwu  ia 

nma 

H>W 

msKim 

wrMStm 

25 

m vtm 

nsn 

usmm 

BHiiil 

■:**:■ 

■nnm 

WsMM 

■*™ 

u&mu 

■JiKiB 

mjfxm 

■iI;>ifeM 

50 

mjam 

wtfxm 

mmvm 

m/.-r.m 

mvtm 

mxsm 

2.51 

m&*u 

WfilSM 

■iara 

misxm 

mmm 

m-ytm 

»mrm 

m.vzm 

BIKKfia 

misnm 

■ei 

am 

■lliMiM 

105 

■ociib 

mmm 

[fcKggM 

■iCIM 

■lawia 

mutism 

mmm 

■aw 

■iw«:a 

mmm 

mmxm 

120 

■.•m 

mmm 

HSfcfcEM 

anna 

■irau-a 

wsisim 

■«■ 

■rfEB 

■arma 

■c*kb 

■IIW 

Stanc 

ard  Deviation 

25 

MEM 

mem 

i.i 

HE! 

2.8 

■mwa 

mem 

mem 

1.3 

■niffia 

1.2 

■lllif 

HI 

MEM 

■!»«■ 

1.2 

iiimi 

4.0 

BBisa 

jBCWiBil 

1.3 

■mnna 

1.7 

bebb 

80 

MEM 

■lIltB 

0.6 

BE2M 

1.5 

■iiiika 

■itlM 

■f 

1.2 

■iltbfSM 

2.1 

■lIlMiM 

105 

0.8 

■lllVia 

BEEBE 

■if 

■uw 

0.6 

■KM 

1.6 

■1I1W1B 

120 

■lllf 

■lllf 

1.3 

■iiiwa 

1.4 

■iiiitra 

■lllM 

MEM 

0.4 

wnwiina 

Kilililili a 

wn;i:i:iia 

25 

0.7 

2.1 

2.1 

4.5 

3.4 

3.4 

0.3 

2.5 

2.5 

2.5 

1.7 

1.7 

50 

■iI;M 

2.3 

2.3 

7.3 

5.2 

5.2 

0.5 

2.4 

2.5 

4.9 

2.6 

2.6 

80 

0.8 

1.1 

1.1 

2.8 

2.1 

2.1 

0.2 

2.4 

2.4 

3.3 

4.1 

4.1 

■n« 

1.5 

1.5 

3.1 

1.3 

1.3 

0.1 

1.1 

1.1 

4.5 

4.5 

4.5 

120 

0.6 

2.5 

2.6 

m 

2.7 

2.7 

HI 

0.9 

MiEM 

MiHlililiM 
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Table  B.3:  Summary  ofILS  data  for  T650/PR500 


Temp 

Specn 

Width 

Thick. 

Vf  (%) 

Pmax 

ILSS 

Normal 

Specn 

Width 

Thick. 

Vf  (%) 

Pmax 

ILSS 

Normal 

(°C) 

(mm) 

(mm) 

(kN) 

(MPa) 

ised 

(mm) 

(mm) 

(kN) 

(MPa) 

ised 

25 

pi 

m vim 

Mid 

■•IKK 

MEblil 

■rJId 

MSB 

■MEbl 

mmm 

H 

KID.-M 

KTSHEK 

KlMid 

25 

P2 

72.3 

misstu 

HKK 

wmn 

■ll-WS 

25 

P3 

m ?xm 

KKOIIK 

54.1 

mm 

62.0 

■lIliiEK 

25 

P4 

74.2 

HVIEK 

KIllrflB 

HVJT.K 

25 

P5 

miam 

mmm 

nci 

h*kh 

HJM 

mmtm 

HiSiK 

KOJfcTK 

mmu 

HOfcK 

HAI.K 

KlfcJifcK 

50 

mi&m 

HEfcK 

KU 

minim 

KfcilfcK 

■esa 

KI9Ki 

KdJfcZB 

mmm 

HM 

KIlliM 

■aaai 

Klllfc/K 

50 

P7 

2.51 

n-Jti 

njssu 

MWI 

WIigK 

50 

■a 

HEd 

71.2 

HISS) 

wmm 

■afc» 

50 

P9 

WtfkUt, 

■isaa 

HOOK 

HJifc-fil 

f.fillB 

MlKlM 

50 

■Slil 

MXiM 

mmu 

HOOK 

»*J&» 

him 

mmm 

HIM 

mitam 

mmu 

52.2 

HIltflB 

■SMfcKl 

KlIlW 

80 

■m 

HWf m 

wxtfim 

HOW 

mm 

80-1 

KOJfcfcfl 

mmm 

HOfcK 

■Wl 

KlIlEM 

80 

Kil’l 

53.7 

■Kinia 

80 

2.51 

■IBM* 

54.1 

IBflllifeK 

80 

mmm 

HOOK 

KUSH 

H>*K 

80 

BMiifcK 

mm m 

mmu 

51.7 

Hit  OK 

HOfcK 

HIM 

KAMI 

mmm 

HOfcK 

My.ua 

■AM 

KiI:W 

105 

mmm 

mmm 

HfcJEK 

KRkllK 

Hi:KK 

mmm 

KIIJISK 

KdJfc/K 

H*0:H 

HIH 

uwjam 

team 

KlVfciK 

105 

mmm 

mwsa 

HOIIK 

mom 

IBilOTia 

105 

2.51 

him 

■«aiK 

53.4 

■MEK 

IBiKliK 

105 

WEEK 

57.9 

BMM 

53.4 

HUfcK 

105 

WtiMM 

2.43 

HOOK 

KRIIIIK 

maarm 

mxLftm 

KllJiSia 

KIIIIKK 

mmm 

HM 

BFtfclK 

■LTK 

KlIAVK 

120 

musm 

mmu 

HOfcK 

HIKB 

mn 

KfcllSK 

KdKKK 

MEEK 

H4:K 

K'jfSIil 

■fcM 

KlfiWiK 

120 

■aaaa 

HIE* 

mkxm 

120 

2.51 

kse* 

mwa 

51.5 

■gi» 

UMlKld 

120 

mmu 

53.7 

utM'.m 

53.9 

■fcM 

»W 

120 

SM8W.-M 

maam 

mmm 

HOOK 

Mi yd 

mw.u 

■WIM 

HOfcK 

KKUK 

■!iM 

Kllrfld 

■  ■ 

■  ■ 

■  ■ 

M 

mm 

25 

mmu 

mmu 

2.4 

MM 

KnniiK 

KdXEH 

mmu 

HOfcK 

■arena 

M&VM 

KllliftK 

50 

KJCHK 

Hn 

2.3 

HIJIK 

mutism 

Kditfcfl 

mmm 

HIM 

nwi 

HOliM 

KlllfcZK 

KJfcliK 

mmm 

HMEK 

2.1 

KdXEK 

2.41 

HIM 

MJlIIB 

■AJfcK 

KlIliRK 

105 

mm m 

1.9 

HUtH 

Mwnzm 

KdWIK 

mmm 

HOEM 

mwtrita 

HilfcK 

KlVdlK 

120 

miiim 

mmm 

1.8 

KfflgK 

WSffliM 

KhBfcK 

mmm 

HOfcK 

■  Kifsa 

KfOl'K 

illillM 

Stanc 

ard  Deviation 

25 

■hum 

mem 

MM 

KlIlitfcH 

hem 

KlIlifcK 

mem 

mem 

1.1 

KlBfcfcK 

3.4 

KlIlifcK 

HI 

MEM 

mem 

mem 

1.6 

mrnms 

mbm 

botem 

1.0 

KiliBK 

1.5 

BE3B 

80 

KlIliK 

■llliM 

KiI:»K 

KlIlTSK 

1.1 

KlIlifcK 

KlIftK 

HlkK 

KlIlilK 

1.2 

KlIlifK 

105 

KlIIlK 

KlIIlK 

■llriM 

KlIlMK 

1.2 

KlIlUSK 

■iKfcM 

MEM 

0.5 

KlIllrflM 

2.1 

KlIlMiK 

120 

KiIdK 

■iIifcM 

KlIlfeiK 

1.3 

KlIlifcK 

■lIOK 

KtllliK 

1.1 

KlIllriK 

0.8 

KlIliiK 

25 

1.0 

1.3 

1.3 

1.4 

1.3 

1.3 

2.0 

2.0 

2.0 

5.9 

5.2 

5.2 

50 

■If 

1.7 

1.7 

3.6 

2.3 

2.3 

1.5 

1.8 

1.8 

2.7 

2.4 

2.4 

80 

0.4 

1.6 

1.6 

2.9 

1.7 

1.7 

1.6 

1.4 

1.4 

2.3 

2.0 

2.0 

■n« 

1.1 

1.4 

1.4 

2.1 

2.1 

1.2 

1.0 

1.0 

3.5 

4.1 

4.1 

120 

1.0 

1.7 

1.7 

2.9 

2.3 

2.3 

1.0 

2.1 

2.1 

3.5 

1.9 

1.9 

55 
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Appendix  C:  ±45°  tension  data 

The  dimensions,  maximum  load,  absolute  and  normalised  ±45°  tension  data  are  shown  in 
Table  C.l  to  Table  C.3. 

Table  C.l:  Summary  of  ±15°  tension  data  for  AS4/3501-6 


Temp 

(°C) 

Specn 

Ave 

Width 

(mm) 

Ave 

Thick. 

(mm) 

Vf  (vol. 

%) 

Pmax 

(kN) 

±45° 

Strength 

(MPa) 

Normal 

ised 

Specn 

Ave 

Width 

(mm) 

Ave 

Thick. 

(mm) 

Vf  (vol. 

%) 

Pmax 

(kN) 

±45° 

Strength 

(MPa) 

Normal 

ised 

25 

25-1 

wiaa 

WHIM 

■am 

ftEKMIl 

■iiraa 

■Mill 

A1 

■HHea 

KFiKBIBI 

25 

B99 

A2 

■tEfcW 

WIIKW 

25 

W.-BSI 

A3 

■Iilritffi 

25 

25-4 

A4 

116.5 

■IlIlM 

25 

25-5 

- 

- 

50 

50-1 

■am 

107.4 

MW/AM 

50 

101.8 

50 

112.4 

50 

50-4 

106.7 

50 

Kisa 

WM »!!■ 

W  JO  YUM 

■am 

MSiiiil 

mi-ism 

■flMH 

80 

KIISB 

•an 

53.2 

■KMIII1 

mwA:m 

■iv/~n 

■n 

■w 

moJOYum 

■sis %M 

■iii:ai:i 

m&jvm 

EHM 

80 

■319 

■in** 

56.7 

90.4 

80 

■sun 

90.3 

80 

80-5 

miista 

53.8 

■•Hill] 

soYAtm 

■i» wm 

win 

■(•Id! 

myjokjm 

■am 

m 

iwi.ua 

■IKIIS9 

57.3 

72.8 

mtaotm 

72.6 

■am 

giKim 

72.2 

■ll« 

■n. -Bn 

milllM 

BSM 

BB5I3B! 

■mam 

■IBMM 

■h'li 

■klBB 

■MIIM 

mjQV.YM 

■am 

■wraim 

airiiita 

mikwim 

miYJom 

Stamm 

59.6 

■Dram 

me  ram 

■am 

BH 

maw 

maiBm 

■CM 

■lam 

■araim 

66.0 

■aK« 

bhbm 

■!!!.-*■ 

WIKJIMi 

63.9 

■k'lB 

■man 

wxuzm 

mg  ram 

■MBIIII1 

■m.-m 

■mim 

25 

■ 

miaiiM 

mjpu/M 

■3KB 

■Ej.ua 

■iram 

■IlIlM 

■ 

minim 

■illM 

■am 

■EBfrf:! 

■IWM 

■ItliM 

50 

a 

bm * 

MEU 

BB3 

■IfcfcM 

KE2-M 

Ma 

bhm 

mwifef  ft 

BB 

mhmm 

gflSEHl 

80 

mxiirM 

m/jovim 

■3EM 

■rnrzrii 

■inm 

MIVLOM 

mssm 

mjtran 

57.0 

■  IIWKB 

89.9 

m\WAM 

■9 

mam 

bem 

mebm 

■llWB 

mama 

maraw 

57.1 

71.8 

gsfefga 

■WM 

25.05 

2.471 

54.6 

12.920 

104.4 

0.896 

maiM 

mjaim 

■MM 

mMvtm 

62.3 

■ikkim 

Stanc 

ard  Deviation 

25 

■ 

■iiirm 

■niwm 

0.5 

■n.-ram 

4.1 

■i»i:<« 

■ 

■HIM 

■mum 

0.4 

MIZ  YAM 

3.6 

■mtw 

50 

mem 

BIM 

0.4 

■TflEBM 

2.1 

BBEa 

mem 

bem 

2.3 

M&EZM 

4.3 

■nicva 

mem 

■SEEM 

0.7 

W9K5M 

2.0 

aniinaa 

mwm 

■seem 

1.1 

bum 

0.6 

eeue 

MM 

■m>m 

mmsu 

0.5 

isa 

0.9 

eebei 

MEM 

ebm 

0.4 

■llliW 

1.4 

HEiTOEM 

mem 

KililEBI 

0.3 

iaiTferim 

1.8 

mem 

ga~K15i 

■!>:■ 

mmiom 

3.2 

KE^ 

Coefficient  of  Variance  (°/t 

25 

1 

0.2 

0.9 

0.9 

3.9 

3.5 

3.5 

1 

0.2 

0.8 

0.8 

3.3 

3.1 

3.1 

50 

0.1 

0.7 

0.7 

1.8 

1.8 

1.8 

0.2 

4.3 

4.2 

1.2 

4.1 

4.1 

MUM 

0.2 

1.3 

1.3 

1.2 

1.9 

1.9 

0.2 

1.9 

1.9 

1.7 

0.6 

0.6 

■liM 

0.1 

0.8 

0.8 

1.6 

0.9 

0.9 

0.4 

0.7 

0.7 

1.8 

2.0 

2.0 

mb 

0.1 

0.6 

0.6 

1.6 

1.7 

1.7 

0.2 

1.3 

1.3 

3.9 

5.1 

5.1 
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Table  C.2:  Summary  of  ±45°  tension  data  for  T650/F584 


_ y*v _ 

Wet 

Temp 

(°C) 

Specn 

Ave 

Width 

(mm) 

Ave 

Thick. 

(mm) 

Vf  (vol. 

%) 

Pmax 

(kN) 

±45° 

Strength 

(MPa) 

Normal 

ised 

Specn 

Ave 

Width 

(mm) 

Ave 

Thick. 

(mm) 

Vf  (vol. 

%) 

Pmax 

(kN) 

±45° 

Strength 

(MPa) 

Normal 

ised 

25 

X3 

BMU1M 

WTiSItl 

mvjnm 

RHH 

mviwtm 

■iKsm 

m&im 

Burn 

mtram 

mam 

Msaa 

3MMS 

25 

25 

Y2 

25 

Y5 

25 

U'iWTM 

mMifsa 

MZiKM 

llfitsi 

kiiva 

Y6 

na»a 

m wsrJiM 

mwm 

Bfcgiaa 

Kiinm 

■1KWM 

50 

XI 

whom 

WMSi'TM 

mvzm 

■«Mta 

■uma 

mwm 

wna 

Bfiitltl 

KM 

BEEEa 

gKBEBB 

BB3 

50 

88.3 

■BClWriM 

50 

84.2 

50 

84.4 

50 

mumm 

■**  vm 

wwf&m 

»:!:■ 

wvmvi 

mtyflsm 

him 

H.1IM 

BHIH 

mstm 

mra'ii 

86.5 

■IBKIIIM 

KH 

X2 

mama 

■mi 

mmm 

BBJWia 

mvnwm 

■IK2EH 

mem 

KKM 

mzffim 

mvxm 

iEJ 

73.8 

BH 

■9 

72.8 

80 

73.4 

80 

■A.M 

80 

AVtl 

m**im 

m*ma 

wasKm 

mi  Km 

WiMiM 

OiWZM 

67.9 

■IfctfIM 

105 

iWzi.l 

88.8 

53.9 

■IgjCHM 

105 

muxm 

53.9 

105 

95.6 

54.4 

105 

84.7 

54.9 

105 

m:<am 

mrtA •■ 

ms xm 

85.4 

■i Tfttm 

HiK'fcl 

mzotfim 

mvim 

mz'.irm 

55.2 

BEB 

120 

X5 

mtv 2i 

WOLS5M 

msitm 

76.0 

■uraia 

Y8 

ptma 

WMSfum 

■!:m 

wjma 

55.2 

gtMaB 

120 

X6 

71.8 

Y7 

53.1 

120 

X7 

76.1 

Y4 

53.3 

120 

92.1 

Y1 

—.-MM 

120 

nasm 

WMZtfM 

51.0 

11E2I 

M&MiH 

MSSM 

KMIEM 

mufitm 

mfiTia 

55.1 

■HEEBM 

25 

mz*>M 

51.3 

■mu 

■Mm 

■KiliTil 

nuiia 

wxHem 

miiftM 

■ElittirM 

fiansm 

BE3 

50 

25.0 

WJCSSM 

Km 

■Biai 

99.1 

mvftm 

■MU 

bbb 

80 

25.0 

WMSiXm 

■aaM 

H5ESI1 

MSM2M 

im 

bseeim 

mw.m 

beeeb 

71.5 

■9 

25.0 

HUES 

90.5 

momma 

mfgm 

■iam 

mrnaat 

54.4 

8EIWB1 

25.1 

50.1 

81.3 

■lISfflgM 

25.14 

2.694 

48.6 

7.332 

54.1 

■IEBKM 

Stanc 

ard  Deviation 

25 

■liEM 

■ilEM 

3.0 

■II.1IM 

8.4 

■mr«M 

■lllM 

1.1 

■11.711  ■ 

2.9 

«»»«■ 

50 

iar»Bfa 

mmm 

0.5 

MSSMM 

10.2 

BSBiSai 

MEM 

BEES 

0.6 

2.8 

wsmm 

80 

■IIW 

■!»/«■ 

6.2 

■IEIVM 

3.4 

■tiiwm 

■IIIKM 

BEM 

0.7 

■!■*«■ 

2.6 

mamu 

■9 

Baa 

0.3 

kem 

6.0 

BEa 

bkkek 

SilfEi 

0.3 

BM 

0.6 

BffiBa 

*fWi9 

0.17 

■1112  KM 

0.8 

9.3 

■IIIlr/iM 

BjBEB 

■lllilf 

0.3 

■iroiiM 

1.0 

■IIIIIKM 

Coefficient  of  Variance  (°/( 

25 

0.6 

5.5 

5.9 

3.2 

6.8 

6.8 

0.3 

2.3 

2.3 

3.6 

2.7 

2.7 

50 

0.6 

1.0 

1.0 

",IM 

mii»M 

0.2 

1.3 

1.3 

2.2 

3.2 

3.2 

80 

0.3 

■him 

■  IBM 

3.3 

3.3 

3.3 

0.3 

1.5 

1.5 

2.4 

3.6 

3.6 

■9 

0.1 

0.6 

0.6 

6.2 

6.6 

0.2 

0.5 

0.5 

1.1 

1.0 

1.0 

■WM 

0.7 

1.6 

1.6 

10.0 

11.5 

11.5 

0.4 

0.7 

0.7 

1.4 

1.8 

1.8 
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Table  C.3:  Summary  of  d45°  tension  data  for  T650/PR500 


_ yw _ 

Wet 

Temp 

(°C) 

Specn 

Ave 

Width 

(mm) 

Ave 

Thick. 

(mm) 

Vf  (vol. 

%) 

Pmax 

(kN) 

±45° 

Strength 

(MPa) 

Normal 

ised 

Specn 

Ave 

Width 

(mm) 

Ave 

Thick. 

(mm) 

Vf  (vol. 

%) 

Pmax 

(kN) 

±45° 

Strength 

(MPa) 

Normal 

ised 

25 

1A 

waurn 

mmsu 

■.-sue 

■ranrai 

■itJIfl 

KEHil 

IB 

msisia 

wkj  va 

■iaftiK9 

SMll 

wivniai 

25 

2F 

1C 

25 

7A 

ID 

25 

8E 

52.6 

2A 

25 

2B 

Ksffilsfl 

WEiftH 

HCJE.B 

MlXSTt 1 

■  K»4KftB 

BEBM 

50 

3A 

WaiUM 

WEina 

WK1EB 

WE  MB:! 

■IKWr ■ 

2C 

WatEB 

WE  KM 

at 

■EWfflll 

■traEM 

ma 

50 

3B 

2E 

50 

5C 

3E 

■irabai 

ttnana 

50 

6C 

3F 

55.1 

■miibh 

50 

4B 

KRIil 

WE  KM 

■an «■ 

■IW 

■liana 

KH 

IE 

■'4KV.II 

Kill 

■wiaaa 

4E 

wanm 

wk.vsi 

KWS 

PIESfaM) 

jjEa 

tfl 

IF 

5A 

80 

2D 

5D 

94.9 

80 

8F 

5E 

90.8 

80 

6A 

Ki s:a 

■aaiH 

94.5 

■nania 

105 

4D 

120.2 

6B 

80.3 

■HtfiV 

105 

5F 

94.5 

6D 

75.4 

105 

6F 

51.5 

89.4 

6E 

79.2 

105 

7B 

109.5 

7C 

100.4 

105 

7D 

wan va 

WEEM 

■anm 

■MREM 

■Il’lt'M 

■iviiaa 

120 

3C 

wnina 

WKH« 

76.1 

■uacva 

7F 

wanm 

WE  SKI 

- 

120 

3D 

73.1 

8A 

jHllIrtTM 

85.9 

■iiama 

120 

5B 

75.1 

8B 

77.8 

120 

7E 

95.4 

8C 

83.2 

■Ha;w 

120 

8D 

wanna 

■JilM 

■iina 

mwim 

77.2 

■iiawa 

25 

wanm 

we  Km 

52.9 

■MESSI 

■EKXka 

■mum 

warm 

wroth 

K»a 

■iauv.fi 

■  MIKM 

BMI 

50 

wanm 

WE.Vm 

53.2 

■email 

msrmu 

■uism 

waww 

WEiim 

■aan 

■EWBtl 

117.7 

■n;wf 

80 

Bsaaa 

«S*C /■ 

■mk:«i 

■liana 

MU02M 

wanm 

■sesm 

■anif 

■ipaaJ 

94.8 

■Hif«a 

■9 

52.2 

WSaagSii 

muma 

wanm 

■JEW.-M 

BM 

87.2 

Bfsaiigt 

■MUM 

mjwnm 

■«>;■ 

HIM 

■iiaa»w 

wanif 

mmnm 

51.9 

■IHIIMM 

81.0 

■H.TM 

Stanc 

ard  Deviation 

25 

■HIM 

■IIKM 

0.8 

■■arm 

11.8 

■IIlKVa 

■IIIM 

■niriM 

1.5 

2.1 

■HIIM 

50 

«giT»W 

W8MM 

1.6 

■imaa 

5.7 

BETM 

1.2 

ESM®. 

1.5 

BEDl 

80 

0.04 

■IIKM 

0.8 

■IVIEM 

5.0 

■msm 

■lllf 

■IIIW 

1.3 

■iiutKa 

2.6 

■niiiia 

■9 

■him 

0.8 

14.1 

gaga 

MEM 

B£££9 

0.7 

■■ar.-a 

12.4 

BEga 

*fWi9 

0.07 

■IIIBM 

1.3 

iiiaa 

10.4 

■llllrif 

■IIIM 

■llltM 

1.0 

■nana 

4.2 

■ninca 

Coefficient  of  Variance  (°/( 

25 

0.1 

1.4 

1.5 

8.8 

8.2 

8.2 

0.2 

2.8 

2.8 

2.9 

1.6 

1.6 

50 

0.1 

2.9 

2.9 

2.4 

4.7 

4.7 

0.5 

2.3 

2.3 

1.1 

1.2 

1.2 

80 

0.1 

1.5 

1.5 

5.7 

4.6 

4.6 

0.1 

2.4 

2.5 

2.1 

2.7 

2.7 

■9 

0.2 

1.6 

1.6 

10.7 

13.6 

mmfm 

0.2 

1.4 

1.4 

14.6 

14.2 

■Ei>a 

■WM 

0.3 

2.4 

2.4 

15.5 

13.0 

■KllM 

0.2 

1.8 

1.8 

5.0 

5.2 

5.2 
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Appendix  D:  Open  hole  compression  data 

The  dimensions,  maximum  load,  absolute  and  normalised  OHC  data  are  shown  in  Table 
D.l  to  Table  D.7. 


Table  D.l:  Summary  of  OHC  data  for  dry  AS4/3501-6 


Temp 

(°C) 

Specn 

Ave 

Width 

(mm) 

Ave 

Thickne 
ss  (mm) 

Vf  (vol. 
%) 

Pmax 

(kN) 

Modulus 

Failure  strain 

Strength 

(GPa) 

Normali 

sed 

(ps) 

Normali 

sed 

(MPa) 

Normali 

sed 

25 

A03 

38.04 

2.410 

55.9 

29.7 

48.9 

0.967 

6808 

1.052 

324 

1.024 

25 

A04 

38.04 

2.382 

56.6 

29.2 

47.8 

0.945 

6981 

1.079 

322 

1.018 

25 

C01 

37.64 

2.109 

63.9 

26.0 

55.2 

1.092 

6146 

0.950 

327 

1.034 

25 

C03 

38.19 

2.261 

59.6 

27.1 

51.4 

1.017 

6215 

0.961 

314 

0.992 

25 

C08 

38.16 

2.409 

56.0 

27.1 

49.5 

0.979 

6198 

0.958 

295 

0.932 

50 

A05 

38.16 

2.423 

55.6 

29.3 

49.8 

0.985 

6644 

1.027 

317 

1.002 

50 

A08 

38.20 

2.385 

56.5 

28.4 

46.1 

0.912 

6460 

0.999 

312 

0.986 

50 

C02 

37.93 

2.218 

60.8 

26.1 

50.8 

1.005 

6137 

0.949 

310 

0.980 

50 

C06 

38.22 

2.327 

57.9 

25.0 

50.1 

0.991 

6254 

0.967 

281 

0.888 

50 

C07 

38.08 

2.361 

57.1 

27.4 

48.4 

0.957 

6400 

0.989 

304 

0.961 

80 

A13 

38.12 

2.375 

56.8 

25.1 

46.7 

0.924 

5894 

0.911 

278 

0.879 

80 

A14 

38.21 

2.357 

57.2 

26.6 

48.6 

0.961 

6206 

0.959 

295 

0.932 

80 

A15 

38.19 

2.385 

56.5 

26.7 

49.4 

0.977 

6090 

0.941 

293 

0.926 

80 

A16 

38.21 

2.374 

56.8 

25.9 

49.1 

0.971 

6033 

0.933 

285 

0.901 

80 

A17 

38.16 

2.346 

57.5 

23.9 

49.9 

0.987 

5492 

0.849 

267 

0.844 

105 

A18 

38.20 

2.392 

56.4 

23.6 

48.1 

0.951 

5722 

0.884 

258 

0.815 

105 

A19 

38.10 

2.384 

56.6 

24.0 

48.4 

0.957 

5634 

0.871 

264 

0.834 

105 

A20 

38.17 

2.386 

56.5 

24.2 

49.2 

0.973 

5554 

0.858 

266 

0.841 

105 

A21 

38.12 

2.339 

57.6 

22.9 

49.5 

0.979 

5355 

0.828 

257 

0.812 

105 

C12 

37.93 

2.354 

57.3 

24.0 

49.0 

0.969 

5611 

0.867 

269 

0.850 

120 

C13 

38.12 

2.394 

56.3 

21.4 

46.5 

0.920 

5060 

0.782 

234 

0.740 

120 

NA1 

38.06 

2.231 

60.4 

22.4 

50.9 

1.007 

5297 

0.819 

263 

0.831 

120 

NA3 

38.02 

2.208 

61.1 

22.6 

51.0 

1.009 

5424 

0.838 

269 

0.850 

120 

NA4 

38.00 

2.291 

58.9 

21.7 

48.0 

0.949 

5235 

0.809 

249 

0.787 

120 

NA5 

38.02 

2.263 

59.6 

22.1 

49.0 

0.969 

5325 

0.823 

257 

0.812 

|  Average  [ 

25 

38.014 

2.314 

58.4 

27.8 

50.6 

1.000 

6470 

1.000 

316 

1.000 

50 

38.118 

2.343 

57.6 

27.2 

49.0 

0.970 

6379 

0.986 

305 

0.963 

80 

38.178 

2.367 

57.0 

25.6 

48.7 

0.964 

5943 

0.919 

284 

0.896 

105 

38.104 

2.371 

56.9 

23.7 

48.8 

0.966 

5575 

0.862 

263 

0.831 

120 

38.044 

2.277 

59.3 

22.0 

49.1 

0.971 

5268 

0.814 

254 

0.804 

|  Standard  Deviation  | 

25 

0.220 

0.130 

3.4 

1.6 

2.9 

0.057 

393 

0.061 

13 

0.041 

50 

0.118 

0.078 

2.0 

1.7 

1.9 

0.037 

195 

0.030 

14 

0.045 

80 

0.038 

0.016 

0.4 

1.2 

1.2 

0.024 

276 

0.043 

11 

0.036 

105 

0.105 

0.023 

0.6 

0.5 

0.6 

0.011 

137 

0.021 

5 

0.016 

120 

0.048 

0.072 

1.8 

0.5 

1.9 

0.038 

135 

0.021 

14 

0.043 

|  Coefficient  of  Variance  (%)  | 

25 

0.6 

5.6 

5.9 

5.6 

5.7 

5.7 

6.1 

6.1 

4.1 

4.1 

50 

0.3 

3.3 

3.4 

6.3 

3.8 

3.8 

3.1 

3.1 

4.6 

4.6 

80 

0.1 

0.7 

0.7 

4.5 

2.5 

2.5 

4.6 

4.6 

4.0 

4.0 

105 

0.3 

1.0 

1.0 

2.2 

1.2 

1.2 

2.5 

2.5 

2.0 

2.0 

120 

0.1 

3.2 

3.1 

2.2 

3.9 

3.9 

2.6 

2.6 

5.3 

5.3 
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Table  D.2:  Summary  ofOHC  data  for  wet  AS4/3501-6 


Temp 

(°Q 

Specn 

Ave 

Width 

(mm) 

Ave 

Thickne 
ss  (mm) 

Vf  (vol. 
%) 

Pmax 

(kN) 

Modulus 

Failure  strain 

Strength 

Moisture 
(wt  %) 

(GPa) 

Normali 

sed 

(hs) 

Normali 

sed 

(MPa) 

Normali 

sed 

25 

B08 

38.20 

2.328 

57.9 

25.0 

49.6 

0.981 

5695 

0.880 

281 

0.888 

- 

25 

B09 

38.13 

2.327 

57.9 

26.2 

49.7 

0.983 

6072 

0.939 

296 

0.936 

- 

25 

Bll 

38.22 

2.295 

58.8 

27.1 

50.3 

0.995 

6231 

0.963 

309 

0.977 

1.41 

25 

B12 

38.21 

2.322 

58.1 

24.9 

50.2 

0.993 

5709 

0.882 

280 

0.885 

- 

25 

B13 

38.17 

2.312 

58.3 

25.9 

51.4 

1.017 

5959 

0.921 

293 

0.926 

1.44 

50 

BIO 

38.21 

2.273 

59.3 

23.7 

49.7 

0.983 

5528 

0.854 

273 

0.863 

- 

50 

C18 

38.19 

2.395 

56.3 

23.0 

44.7 

0.884 

5481 

0.847 

252 

0.796 

- 

50 

C19 

38.08 

2.368 

56.9 

22.5 

46.4 

0.918 

5354 

0.828 

249 

0.787 

- 

50 

C20 

38.12 

2.397 

56.3 

23.1 

49.7 

0.983 

5213 

0.806 

253 

0.800 

- 

50 

C21 

38.17 

2.359 

57.2 

21.7 

49.6 

0.981 

4912 

0.759 

241 

0.762 

- 

80 

B02 

38.21 

2.425 

55.6 

20.2 

47.4 

0.938 

4684 

0.724 

218 

0.689 

- 

80 

B03 

38.18 

2.399 

56.2 

20.2 

48.5 

0.959 

4639 

0.717 

221 

0.698 

- 

80 

B04 

38.23 

2.355 

57.3 

20.3 

48.1 

0.951 

4792 

0.741 

226 

0.714 

- 

80 

B05 

38.20 

2.364 

57.0 

20.8 

49.8 

0.985 

4728 

0.731 

230 

0.727 

- 

80 

B06 

38.20 

2.341 

57.6 

20.3 

48.4 

0.957 

4734 

0.732 

227 

0.717 

- 

105 

B07 

38.02 

2.322 

58.1 

18.1 

47.8 

0.945 

4374 

0.676 

205 

0.648 

1.27 

105 

B14 

38.20 

2.349 

57.4 

17.7 

45.5 

0.900 

4409 

0.681 

197 

0.623 

1.27 

105 

B15 

38.16 

2.415 

55.8 

18.0 

47.3 

0.936 

4334 

0.670 

195 

0.616 

- 

105 

B16 

38.22 

2.392 

56.4 

18.1 

47.1 

0.932 

4303 

0.665 

198 

0.626 

- 

105 

B17 

38.22 

2.391 

56.4 

18.4 

45.4 

0.898 

4506 

0.696 

201 

0.635 

1.25 

120 

B18 

38.18 

2.367 

57.0 

15.1 

40.0 

0.791 

4268 

0.660 

167 

0.528 

- 

120 

B19 

38.13 

2.371 

56.9 

15.0 

42.5 

0.841 

3939 

0.609 

166 

0.525 

1.27 

120 

B20 

38.19 

2.387 

56.5 

15.9 

42.5 

0.841 

4139 

0.640 

175 

0.553 

1.24 

120 

B21 

38.22 

2.346 

57.5 

15.0 

39.9 

0.789 

4134 

0.639 

167 

0.528 

- 

120 

C14 

38.15 

2.400 

56.2 

14.7 

33.4 

0.661 

4539 

0.702 

161 

0.509 

- 

|  Avera^ 

_ 1 

25 

38.19 

2.317 

58.2 

25.8 

50.2 

0.994 

5933 

0.917 

292 

0.922 

1.43 

50 

38.15 

2.358 

57.2 

22.8 

48.0 

0.950 

5298 

0.819 

254 

0.802 

#DIV/0! 

80 

38.20 

2.377 

56.7 

20.4 

48.4 

0.958 

4715 

0.729 

224 

0.709 

#DIV/0! 

105 

38.16 

2.374 

56.8 

18.1 

46.6 

0.922 

4385 

0.678 

199 

0.630 

1.26 

120 

38.17 

2.374 

56.8 

15.1 

39.7 

0.784 

4204 

0.650 

167 

0.528 

1.26 

|  Standard  Deviation  j 

25 

0.036 

0.014 

0.3 

0.9 

0.7 

0.014 

232 

0.036 

12 

0.038 

0.02 

50 

0.053 

0.051 

1.3 

0.7 

2.3 

0.046 

248 

0.038 

12 

0.037 

#DIV/0! 

80 

0.018 

0.034 

0.8 

0.3 

0.9 

0.017 

57 

0.009 

5 

0.015 

#DIV/0! 

105 

0.084 

0.037 

0.9 

0.3 

1.1 

0.022 

79 

0.012 

4 

0.012 

0.01 

120 

0.035 

0.021 

0.5 

0.5 

3.7 

0.074 

221 

0.034 

5 

0.016 

0.02 

|  Coefficient  of  Variance  (%)  j 

25 

0.1 

0.6 

0.6 

3.5 

1.4 

1.4 

3.9 

3.9 

4.1 

4.1 

1.2 

50 

0.1 

2.1 

2.2 

3.3 

4.9 

4.9 

4.7 

4.7 

4.7 

4.7 

#DIV/0! 

80 

0.0 

1.4 

1.4 

1.2 

1.8 

1.8 

1.2 

1.2 

2.2 

2.2 

#DIV/0! 

105 

0.2 

1.6 

1.6 

1.4 

2.4 

2.4 

1.8 

1.8 

2.0 

2.0 

0.7 

120 

0.1 

0.9 

0.9 

3.0 

9.4 

9.4 

5.3 

5.3 

3.0 

3.0 

1.9 
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Table  D.3:  Summary  ofOHC  data  for  dry  T650/F584 


Temp 

(°C) 

Specn 

Ave 

Width 

(mm) 

Ave 

Thickne 
ss  (mm) 

Vf  (vol. 
%) 

Pmax 

(kN) 

Modulus 

Failure  strain 

Strength 

(GPa) 

Normali 

sed 

(ps) 

Normali 

sed 

(MPa) 

Normali 

sed 

25 

A02 

37.89 

2.716 

48.2 

27.8 

43.3 

0.980 

6465 

0.996 

270 

0.973 

25 

A05 

37.85 

2.647 

49.4 

27.8 

45.0 

1.019 

6416 

0.988 

278 

1.002 

25 

A06 

38.18 

2.671 

49.0 

28.2 

43.8 

0.991 

6554 

1.009 

277 

0.999 

25 

A08 

37.88 

2.622 

49.9 

27.8 

44.2 

1.000 

6499 

1.001 

280 

1.009 

25 

A12 

38.04 

2.628 

49.8 

28.2 

44.6 

1.010 

6535 

1.006 

282 

1.017 

50 

A04 

38.15 

2.618 

50.0 

26.5 

44.5 

1.007 

6086 

0.937 

265 

0.955 

50 

A09 

38.06 

2.670 

49.0 

27.5 

43.5 

0.985 

6361 

0.980 

271 

0.977 

50 

A17 

38.22 

2.649 

49.4 

28.8 

44.6 

1.010 

6615 

1.019 

284 

1.024 

50 

A19 

38.22 

2.673 

49.0 

26.7 

44.3 

1.003 

6122 

0.943 

261 

0.941 

50 

A21 

37.94 

2.680 

48.8 

27.7 

43.3 

0.980 

6430 

0.990 

273 

0.984 

80 

A03 

38.06 

2.674 

48.9 

25.7 

44.3 

1.003 

5978 

0.921 

253 

0.912 

80 

A07 

38.01 

2.638 

49.6 

24.2 

43.3 

0.980 

5709 

0.879 

241 

0.869 

80 

All 

38.14 

2.689 

48.7 

24.8 

42.7 

0.967 

5851 

0.901 

242 

0.872 

80 

A13 

38.16 

2.662 

49.2 

23.7 

43.2 

0.978 

5554 

0.855 

234 

0.844 

80 

A14 

38.21 

2.689 

48.7 

26.1 

43.2 

0.978 

6049 

0.932 

254 

0.916 

105 

A15 

38.19 

2.676 

48.9 

23.0 

42.2 

0.955 

5443 

0.838 

225 

0.811 

105 

A18 

38.20 

2.645 

49.5 

24.1 

43.3 

0.980 

5685 

0.875 

238 

0.858 

105 

A20 

37.99 

2.700 

48.5 

22.8 

42.6 

0.964 

5417 

0.834 

222 

0.800 

105 

C08 

38.15 

2.658 

49.2 

23.6 

43.0 

0.973 

5604 

0.863 

233 

0.840 

105 

C09 

38.18 

2.647 

49.4 

23.8 

44.2 

1.000 

5584 

0.860 

235 

0.847 

120 

CIO 

38.16 

2.658 

49.2 

21.2 

42.6 

0.964 

5277 

0.813 

209 

0.753 

120 

Cll 

38.14 

2.654 

49.3 

21.0 

42.4 

0.960 

5109 

0.787 

208 

0.750 

120 

Cl  2 

38.12 

2.639 

49.6 

20.8 

42.7 

0.967 

5049 

0.778 

207 

0.746 

120 

Cl  3 

38.16 

2.634 

49.7 

21.0 

43.3 

0.980 

5026 

0.774 

209 

0.753 

120 

C14 

38.22 

2.665 

49.1 

20.6 

42.3 

0.957 

4985 

0.768 

202 

0.728 

1  Average  | 

25 

37.968 

2.657 

49.3 

28.0 

44.2 

1.000 

6494 

1.000 

277 

1.000 

50 

38.118 

2.658 

49.2 

27.4 

44.0 

0.997 

6323 

0.974 

271 

0.976 

80 

38.116 

2.670 

49.0 

24.9 

43.3 

0.981 

5828 

0.898 

245 

0.882 

105 

38.142 

2.665 

49.1 

23.5 

43.1 

0.975 

5547 

0.854 

231 

0.831 

120 

38.160 

2.650 

49.4 

20.9 

42.7 

0.966 

5089 

0.784 

207 

0.746 

|  Standard  Deviation  [ 

25 

0.140 

0.038 

0.7 

0.2 

0.7 

0.015 

55 

0.009 

5 

0.016 

50 

0.119 

0.025 

0.5 

0.9 

0.6 

0.014 

221 

0.034 

9 

0.032 

80 

0.080 

0.021 

0.4 

1.0 

0.6 

0.013 

201 

0.031 

9 

0.031 

105 

0.087 

0.023 

0.4 

0.5 

0.8 

0.017 

113 

0.017 

7 

0.025 

120 

0.037 

0.013 

0.2 

0.2 

0.4 

0.009 

114 

0.018 

3 

0.011 

|  Coefficient  of  Variance  (%)  | 

25 

0.4 

1.4 

1.4 

0.8 

1.5 

1.5 

0.9 

0.9 

1.6 

1.6 

50 

0.3 

0.9 

1.0 

3.3 

1.4 

1.4 

3.5 

3.5 

3.2 

3.2 

80 

0.2 

0.8 

0.8 

4.0 

1.4 

1.4 

3.4 

3.4 

3.5 

3.5 

105 

0.2 

0.9 

0.9 

2.3 

1.8 

1.8 

2.0 

2.0 

3.0 

3.0 

120 

0.1 

0.5 

0.5 

1.1 

0.9 

0.9 

2.2 

2.2 

1.4 

1.4 
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Table  DA:  Summary  ofOHC  data  for  wet  T650/F584 


Temp 

(°C) 

Specn 

Ave 

Width 

(mm) 

Ave 

Thickne 
ss  (mm) 

Vf  (vol. 
%) 

Pmax 

(kN) 

Modulus 

Failure  strain 

Strength 

Moisture 
(wt  %) 

(GPa) 

Normali 

sed 

(|T£) 

Normali 

sed 

(MPa) 

Normali 

sed 

25 

B01 

38.24 

2.546 

48.2 

24.1 

46.7 

1.057 

5510 

0.849 

247 

0.890 

1.22 

25 

B02 

38.25 

2.702 

49.4 

25.1 

43.7 

0.989 

5777 

0.890 

243 

0.876 

- 

25 

B03 

38.16 

2.683 

49.0 

24.2 

45.6 

1.032 

5414 

0.834 

237 

0.854 

1.29 

25 

B04 

38.27 

2.644 

49.9 

24.9 

42.4 

0.960 

5985 

0.922 

246 

0.887 

- 

25 

B05 

38.09 

2.635 

49.8 

23.4 

45.8 

1.037 

5351 

0.824 

233 

0.840 

50 

Bll 

38.23 

2.632 

50.0 

23.4 

44.2 

1.000 

5422 

0.835 

233 

0.840 

- 

50 

B12 

38.24 

2.624 

49.0 

23.2 

44.3 

1.003 

5365 

0.826 

231 

0.833 

1.17 

50 

B13 

38.14 

2.642 

49.4 

24.6 

40.4 

0.914 

5828 

0.897 

244 

0.880 

- 

50 

B14 

38.18 

2.659 

49.0 

23.8 

39.4 

0.892 

5598 

0.862 

234 

0.844 

1.16 

50 

B15 

38.21 

2.667 

48.8 

24.4 

40.8 

0.923 

5749 

0.885 

240 

0.865 

1.18 

80 

B06 

38.18 

2.699 

48.9 

20.4 

43.3 

0.980 

4728 

0.728 

198 

0.714 

- 

80 

B07 

38.20 

2.681 

49.6 

21.0 

42.8 

0.969 

4981 

0.767 

205 

0.739 

- 

80 

B08 

38.16 

2.652 

48.7 

20.2 

40.7 

0.921 

4952 

0.763 

200 

0.721 

- 

80 

B09 

38.17 

2.641 

49.2 

19.5 

43.4 

0.982 

4635 

0.714 

194 

0.699 

- 

80 

BIO 

38.16 

2.650 

48.7 

20.4 

42.0 

0.951 

4902 

0.755 

202 

0.728 

- 

105 

B16 

38.19 

2.675 

48.9 

15.9 

40.6 

0.919 

4011 

0.618 

156 

0.562 

1.10 

105 

B17 

38.19 

2.658 

49.5 

17.0 

39.9 

0.903 

4289 

0.660 

167 

0.602 

- 

105 

B18 

38.19 

2.656 

48.5 

17.7 

42.7 

0.967 

4263 

0.656 

174 

0.627 

1.08 

105 

B19 

38.16 

2.681 

49.2 

17.1 

40.4 

0.914 

4385 

0.675 

167 

0.602 

1.07 

105 

B20 

38.13 

2.708 

49.4 

17.2 

39.5 

0.894 

4413 

0.680 

166 

0.598 

- 

120 

B21 

37.96 

2.681 

49.2 

13.6 

36.1 

0.817 

3895 

0.600 

133 

0.479 

1.07 

120 

C02 

38.20 

2.665 

49.3 

13.3 

36.5 

0.826 

3793 

0.584 

130 

0.469 

1.08 

120 

C04 

38.23 

2.656 

49.6 

12.5 

32.8 

0.742 

4771 

0.735 

123 

0.443 

- 

120 

C06 

38.19 

2.669 

49.7 

13.9 

28.7 

0.650 

4232 

0.652 

136 

0.490 

- 

120 

C07 

38.20 

2.673 

49.1 

13.1 

33.5 

0.758 

4478 

0.690 

129 

0.465 

- 

|  Average  j 

25 

38.20 

2.642 

49.3 

24.3 

44.8 

1.015 

5607 

0.864 

241 

0.870 

1.25 

50 

38.20 

2.645 

49.2 

23.9 

41.8 

0.947 

5592 

0.861 

236 

0.852 

1.17 

80 

38.17 

2.665 

49.0 

20.3 

42.4 

0.961 

4840 

0.745 

200 

0.720 

#DIV/0! 

105 

38.17 

2.676 

49.1 

17.0 

40.6 

0.919 

4272 

0.658 

166 

0.598 

1.08 

120 

38.16 

2.669 

49.4 

13.3 

33.5 

0.759 

4234 

0.652 

130 

0.469 

1.07 

|  Standard  Deviation  | 

25 

0.075 

0.060 

0.7 

0.7 

1.7 

0.040 

266 

0.041 

6 

0.022 

0.05 

50 

0.041 

0.018 

0.5 

0.6 

2.3 

0.052 

201 

0.031 

5 

0.020 

0.01 

80 

0.017 

0.024 

0.4 

0.5 

1.1 

0.025 

151 

0.023 

4 

0.015 

#DIV/0! 

105 

0.027 

0.021 

0.4 

0.7 

1.2 

0.028 

159 

0.024 

6 

0.023 

0.02 

120 

0.111 

0.009 

0.2 

0.5 

3.1 

0.071 

405 

0.062 

5 

0.018 

0.01 

|  Coefficient  of  Variance  (%)  | 

25 

0.2 

2.3 

1.4 

2.8 

3.9 

3.9 

4.8 

4.8 

2.5 

2.5 

3.8 

50 

0.1 

0.7 

1.0 

2.6 

5.4 

5.4 

3.6 

3.6 

2.3 

2.3 

0.8 

80 

0.0 

0.9 

0.8 

2.7 

2.6 

2.6 

3.1 

3.1 

2.1 

2.1 

#DIV/0! 

105 

0.1 

0.8 

0.9 

3.9 

3.1 

3.1 

3.7 

3.7 

3.9 

3.9 

1.5 

120 

0.3 

0.3 

0.5 

4.0 

9.3 

9.3 

9.6 

9.6 

3.7 

3.7 

0.8 
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Table  D.5:  Summary  ofOHC  data  for  dry  T650/PR500 


Temp 

(°C) 

Specn 

Ave 

Width 

(mm) 

Ave 

Thickne 
ss  (mm) 

Vf  (vol. 
%) 

Pmax 

(kN) 

Modulus 

Failure  strain 

Strength 

(GPa) 

Normali 

sed 

(ps) 

Normali 

sed 

(MPa) 

Normali 

sed 

25 

000205 

37.95 

2.301 

56.0 

26.7 

47.0 

1.038 

6435 

0.974 

305 

1.021 

25 

000215 

37.87 

2.304 

55.9 

27.5 

43.1 

0.952 

6906 

1.046 

315 

1.055 

25 

000216 

37.92 

2.314 

55.7 

26.8 

48.9 

1.080 

6428 

0.973 

305 

1.021 

25 

001101 

38.00 

2.555 

50.4 

27.4 

42.3 

0.934 

6713 

1.016 

282 

0.944 

25 

001102 

37.94 

2.494 

51.6 

27.0 

45.1 

0.996 

6542 

0.990 

286 

0.958 

50 

000202 

37.98 

2.265 

56.9 

25.9 

44.5 

0.983 

6455 

0.977 

301 

1.008 

50 

000211 

38.09 

2.487 

51.8 

26.6 

41.5 

0.917 

6582 

0.997 

281 

0.941 

50 

000512 

38.14 

2.481 

51.9 

26.2 

45.8 

1.011 

6295 

0.953 

277 

0.928 

50 

000520 

38.03 

2.268 

56.8 

26.9 

50.1 

1.106 

6460 

0.978 

312 

1.045 

50 

000522 

38.14 

2.357 

54.7 

26.3 

50.1 

1.106 

6086 

0.921 

293 

0.981 

80 

000213 

38.10 

2.320 

55.5 

25.1 

49.8 

1.100 

5936 

0.899 

285 

0.954 

80 

000219 

37.96 

2.334 

55.2 

22.3 

49.8 

1.100 

5284 

0.800 

252 

0.844 

80 

000501 

38.14 

2.219 

58.1 

23.2 

45.9 

1.014 

5903 

0.894 

274 

0.918 

80 

001103 

37.94 

2.453 

52.5 

22.8 

44.1 

0.974 

5593 

0.847 

245 

0.820 

80 

001104 

38.12 

2.390 

53.9 

24.1 

47.6 

1.051 

5768 

0.873 

264 

0.884 

105 

000502 

38.05 

2.163 

59.6 

20.6 

47.3 

1.045 

5167 

0.782 

250 

0.837 

105 

000503 

38.05 

2.178 

59.1 

22.0 

51.2 

1.131 

5332 

0.807 

265 

0.887 

105 

000504 

38.16 

2.203 

58.5 

20.8 

50.9 

1.124 

4984 

0.755 

247 

0.827 

105 

001105 

38.05 

2.337 

55.1 

20.9 

46.6 

1.029 

5079 

0.769 

235 

0.787 

105 

001106 

38.01 

2.333 

55.2 

22.1 

44.7 

0.987 

5498 

0.832 

249 

0.834 

120 

000508 

38.07 

2.285 

56.4 

21.5 

46.7 

1.031 

5309 

0.804 

248 

0.831 

120 

000515 

38.14 

2.247 

57.3 

20.6 

49.5 

1.093 

4937 

0.747 

240 

0.804 

120 

000519 

38.12 

2.285 

56.4 

20.5 

48.1 

1.062 

5000 

0.757 

236 

0.790 

120 

001107 

38.05 

2.335 

55.2 

20.7 

47.8 

1.056 

4985 

0.755 

233 

0.780 

120 

001108 

38.03 

2.326 

55.4 

20.9 

47.1 

1.040 

5094 

0.771 

237 

0.794 

1  Average  j 

25 

37.936 

2.394 

53.9 

27.1 

45.3 

1.000 

6605 

1.000 

299 

1.000 

50 

38.076 

2.372 

54.4 

26.4 

46.4 

1.025 

6376 

0.965 

293 

0.981 

80 

38.052 

2.343 

55.0 

23.5 

47.4 

1.048 

5697 

0.863 

264 

0.884 

105 

38.064 

2.243 

57.5 

21.3 

48.1 

1.063 

5212 

0.789 

249 

0.835 

120 

38.082 

2.296 

56.1 

20.8 

47.8 

1.057 

5065 

0.767 

239 

0.800 

|  Standard  Deviation  | 

25 

0.047 

0.122 

2.7 

0.4 

2.7 

0.060 

204 

0.031 

14 

0.047 

50 

0.070 

0.109 

2.5 

0.4 

3.7 

0.082 

191 

0.029 

14 

0.048 

80 

0.094 

0.087 

2.1 

1.1 

2.5 

0.055 

267 

0.040 

16 

0.054 

105 

0.056 

0.085 

2.2 

0.7 

2.8 

0.062 

205 

0.031 

11 

0.036 

120 

0.047 

0.036 

0.9 

0.4 

1.1 

0.024 

148 

0.022 

6 

0.019 

|  Coefficient  of  Variance  (%)  | 

25 

0.1 

5.1 

5.0 

1.3 

6.0 

6.0 

3.1 

3.1 

4.7 

4.7 

50 

0.2 

4.6 

4.6 

1.5 

8.0 

8.0 

3.0 

3.0 

4.9 

4.9 

80 

0.2 

3.7 

3.7 

4.7 

5.2 

5.2 

4.7 

4.7 

6.1 

6.1 

105 

0.1 

3.8 

3.8 

3.3 

5.9 

5.9 

3.9 

3.9 

4.3 

4.3 

120 

0.1 

1.5 

1.6 

1.9 

2.3 

2.3 

2.9 

2.9 

2.4 

2.4 
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Table  D.6:  Summary  ofOHC  data  for  wet  T650/PR500 


Temp 

(°C) 

Specn 

Ave 

Width 

(mm) 

Ave 

Thickne 
ss  (mm) 

Vf  (vol. 
%) 

Pmax 

(kN) 

Modulus 

Failure  strain 

Strength 

Moisture 
(wt  %) 

(GPa) 

Normali 

sed 

(|T£) 

Normali 

sed 

(MPa) 

Normali 

sed 

25 

000201 

38.04 

2.297 

56.1 

25.8 

48.2 

1.064 

6139 

0.929 

295 

0.988 

- 

25 

000203 

38.01 

2.292 

56.2 

27.6 

41.3 

0.912 

6840 

1.036 

317 

1.062 

- 

25 

000505 

37.94 

2.222 

58.0 

22.3 

52.1 

1.151 

5208 

0.789 

265 

0.887 

- 

25 

000507 

37.90 

2.242 

57.5 

24.7 

54.3 

1.199 

5704 

0.864 

290 

0.971 

- 

25 

000516 

38.01 

2.267 

56.8 

24.9 

50.5 

1.115 

5888 

0.891 

289 

0.968 

- 

50 

000204 

38.14 

2.301 

56.0 

27.5 

48.9 

1.080 

6445 

0.976 

314 

1.052 

- 

50 

000206 

38.09 

2.312 

55.7 

23.1 

39.7 

0.877 

5867 

0.888 

262 

0.877 

0.53 

50 

000207 

38.14 

2.323 

55.5 

22.7 

53.2 

1.175 

5043 

0.764 

256 

0.857 

0.53 

50 

000506 

38.16 

2.238 

57.6 

22.0 

47.5 

1.049 

5443 

0.824 

257 

0.861 

- 

50 

000510 

38.12 

2.385 

54.0 

23.5 

49.8 

1.100 

5481 

0.830 

259 

0.867 

0.54 

80 

000208 

38.13 

2.365 

54.5 

22.5 

48.6 

1.073 

5229 

0.792 

249 

0.834 

0.52 

80 

000209 

38.05 

2.405 

53.6 

23.0 

40.1 

0.886 

5757 

0.872 

252 

0.844 

- 

80 

000210 

37.92 

2.461 

52.3 

22.4 

41.1 

0.908 

5580 

0.845 

240 

0.804 

0.55 

80 

000212 

38.03 

2.543 

50.7 

24.2 

40.2 

0.888 

5988 

0.907 

250 

0.837 

0.56 

80 

000214 

38.19 

2.296 

56.1 

23.0 

50.1 

1.106 

5442 

0.824 

263 

0.881 

- 

105 

000217 

38.07 

2.341 

55.0 

19.9 

44.8 

0.989 

5020 

0.760 

224 

0.750 

0.50 

105 

000218 

38.15 

2.351 

54.8 

21.7 

45.2 

0.998 

5284 

0.800 

242 

0.810 

- 

105 

000220 

38.11 

2.337 

55.1 

19.7 

42.5 

0.939 

4993 

0.756 

221 

0.740 

0.52 

105 

000221 

38.14 

2.371 

54.3 

20.4 

48.2 

1.064 

4774 

0.723 

226 

0.757 

- 

105 

000222 

38.23 

2.425 

53.1 

21.5 

43.8 

0.967 

5331 

0.807 

232 

0.777 

0.53 

120 

000223 

38.11 

2.454 

52.5 

19.2 

38.3 

0.846 

4931 

0.747 

206 

0.690 

- 

120 

000224 

37.96 

2.490 

51.7 

19.6 

40.0 

0.883 

5163 

0.782 

207 

0.693 

- 

120 

000509 

38.15 

2.329 

55.3 

20.1 

50.0 

1.104 

4817 

0.729 

227 

0.760 

0.54 

120 

000511 

38.12 

2.442 

52.7 

20.4 

46.5 

1.027 

4916 

0.744 

219 

0.733 

0.59 

120 

000514 

38.12 

2.248 

57.3 

20.8 

46.5 

1.027 

5188 

0.785 

243 

0.814 

0.50 

|  Average  j 

25 

37.98 

2.264 

56.9 

25.1 

49.3 

1.088 

5956 

0.902 

291 

0.975 

#DIV/0! 

50 

38.13 

2.312 

55.7 

23.8 

47.8 

1.056 

5656 

0.856 

270 

0.903 

0.54 

80 

38.06 

2.414 

53.4 

23.0 

44.0 

0.972 

5599 

0.848 

251 

0.840 

0.55 

105 

38.14 

2.365 

54.5 

20.6 

44.9 

0.992 

5080 

0.769 

229 

0.767 

0.52 

120 

38.09 

2.393 

53.9 

20.0 

44.3 

0.977 

5003 

0.757 

220 

0.738 

0.54 

|  Standard  Deviation  | 

25 

0.058 

0.032 

0.8 

1.9 

5.0 

0.110 

601 

0.091 

19 

0.062 

#DIV/0! 

50 

0.026 

0.053 

1.3 

2.2 

5.0 

0.110 

529 

0.080 

25 

0.083 

0.00 

80 

0.103 

0.094 

2.1 

0.7 

4.9 

0.108 

291 

0.044 

8 

0.028 

0.02 

105 

0.059 

0.036 

0.8 

0.9 

2.1 

0.047 

229 

0.035 

8 

0.028 

0.01 

120 

0.075 

0.101 

2.3 

0.6 

4.9 

0.109 

164 

0.025 

15 

0.051 

0.05 

|  Coefficient  of  Variance  (%)  j 

25 

0.2 

1.4 

1.4 

7.7 

10.1 

10.1 

10.1 

10.1 

6.4 

6.4 

#DIV/0! 

50 

0.1 

2.3 

2.3 

9.1 

10.5 

10.5 

9.4 

9.4 

9.2 

9.2 

0.9 

80 

0.3 

3.9 

3.9 

3.1 

11.2 

11.2 

5.2 

5.2 

3.3 

3.3 

3.9 

105 

0.2 

1.5 

1.5 

4.4 

4.7 

4.7 

4.5 

4.5 

3.6 

3.6 

2.8 

120 

0.2 

4.2 

4.3 

3.2 

11.1 

11.1 

3.3 

3.3 

7.0 

7.0 

8.9 
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Table  D.7:  Summary  ofOHC  data  from  T300J/DA508 


Temp 

(°C) 

Specn 

Ave 

Width 

(mm) 

Ave 

Thickne 
ss  (mm) 

Pmax 

(kN) 

Modulus 

Failure  strain 

Strength 

(GPa) 

Normal 

ised 

(P£) 

Normali 

sed 

(MPa) 

Normal 

ised 

25 

10 

38.12 

2.005 

23.1 

44.8 

0.991 

6354 

1.049 

302 

1.041 

25 

09 

38.10 

2.049 

21.7 

45.6 

1.009 

5761 

0.951 

278 

0.959 

50 

08 

38.11 

2.036 

22.6 

50.2 

1.111 

5797 

0.957 

291 

1.003 

50 

07 

38.12 

2.025 

21.9 

51.5 

1.139 

5666 

0.935 

284 

0.979 

80 

06 

38.09 

2.044 

22.0 

50.1 

1.108 

5748 

0.949 

283 

0.976 

80 

05 

38.09 

2.044 

22.6 

49.7 

1.100 

5821 

0.961 

290 

1.000 

105 

04 

38.12 

2.046 

21.4 

51.3 

1.135 

5492 

0.907 

275 

0.948 

105 

03 

38.14 

2.024 

21.1 

48.5 

1.073 

5726 

0.945 

273 

0.941 

120 

02 

38.12 

2.010 

20.8 

47.1 

1.042 

5766 

0.952 

271 

0.934 

120 

01 

38.11 

1.997 

20.9 

49.3 

1.091 

5592 

0.923 

274 

0.945 

Average 

25 

38.11 

2.027 

22.4 

45.20 

1.000 

6058 

1.000 

290 

1.000 

50 

38.12 

2.031 

22.3 

50.9 

1.125 

5732 

0.946 

288 

0.991 

80 

38.09 

2.044 

22.3 

49.9 

1.104 

5785 

0.955 

287 

0.988 

105 

38.13 

2.035 

21.3 

49.9 

1.104 

5609 

0.926 

274 

0.945 

120 

38.12 

2.004 

20.9 

48.2 

1.066 

5679 

0.938 

273 

0.940 

Standard  Deviation 

25 

0.0 

0.031 

1.0 

0.6 

0.013 

419 

0.069 

17 

0.059 

50 

0.0 

0.008 

0.5 

0.9 

0.020 

93 

0.015 

5 

0.017 

80 

0.0 

0.000 

0.4 

0.3 

0.006 

52 

0.009 

5 

0.017 

105 

0.0 

0.016 

0.2 

2.0 

0.044 

165 

0.027 

1 

0.005 

120 

0.0 

0.009 

0.1 

1.6 

0.034 

123 

0.020 

2 

0.007 

Coefficient  of  Variance  (%) 

25 

0.0 

1.5 

4.4 

1.3 

1.3 

6.9 

6.9 

5.9 

5.9  i 

50 

0.0 

0.4 

2.2 

1.8 

1.8 

1.6 

1.6 

1.7 

1.7 

80 

0.0 

0.0 

1.9 

0.6 

0.6 

0.9 

0.9 

1.7 

1.7 

105 

0.0 

0.8 

1.0 

4.0 

4.0 

2.9 

2.9 

0.5 

0.5  ! 

120 

0.0 

0.5 

0.3 

3.2 

3.2 

2.2 

2.2 

0.8 

0.8 
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Appendix  E:  Compression  after  impact  data 

The  coupon  dimensions,  maximum  load,  absolute  and  normalised  CAI  data  are  shown  in 
Table  E.l  to  Table  E.6. 


Table  E.l:  Summary  of  CAI  data  for  dry  AS4/3501-6 


Temp 

(°C) 

Specn 

Ave 

Width 

(mm) 

Ave 

Thickne 
ss  (mm) 

Vf 

(vol.%) 

Impact  energy 

Dam.A 

(mm2) 

Pmax 

(kN) 

Modulus 

Failure  strain 

Strength 

Inciden 

t 

Reboun 

d 

(GPa) 

Normal 

ised 

(BE) 

Normal 

ised 

(MPa) 

Normal 

ised 

25 

B01 

99.94 

4.616 

58.4 

30.89 

3.92 

2358 

62.0 

47.0 

1.039 

2870 

0.971 

135 

1.009 

25 

B06 

99.88 

4.672 

57.7 

31.28 

5.59 

2842 

63.0 

42.5 

0.940 

3144 

1.064 

135 

1.009 

25 

Bll 

100.01 

4.650 

58.0 

31.18 

5.84 

3243 

61.9 

45.5 

1.006 

2933 

0.993 

133 

0.994 

25 

B16 

100.01 

4.650 

58.0 

31.28 

5.20 

3349 

61.2 

45.9 

1.015 

2871 

0.972 

132 

0.987 

50 

B02 

99.98 

4.672 

57.7 

31.28 

4.11 

1792 

63.3 

45.7 

1.011 

2959 

1.002 

136 

1.017 

50 

B07 

99.92 

4.691 

57.5 

31.48 

6.19 

3090 

62.6 

43.4 

0.960 

3044 

1.030 

134 

1.002 

50 

B12 

99.98 

4.680 

57.6 

31.38 

3.91 

1486 

66.0 

45.2 

0.999 

3120 

1.056 

141 

1.054 

50 

B17 

100.03 

4.687 

57.5 

31.48 

5.66 

3726 

58.8 

44.3 

0.980 

2823 

0.955 

126 

0.942 

80 

B03 

99.92 

4.670 

57.7 

31.38 

3.66 

1344 

63.6 

- 

- 

- 

- 

136 

1.017 

80 

B08 

99.90 

4.670 

57.7 

31.48 

5.48 

3137 

60.5 

43.6 

0.964 

2951 

0.999 

130 

0.972 

80 

B13 

100.02 

4.642 

58.1 

31.18 

5.87 

2476 

64.4 

46.6 

1.030 

2984 

1.010 

139 

1.039 

80 

B18 

99.89 

4.684 

57.6 

31.58 

4.52 

1722 

62.5 

43.7 

0.966 

3041 

1.029 

134 

1.002 

105 

B04 

99.94 

4.713 

57.2 

31.68 

6.34 

3443 

61.7 

44.1 

0.975 

3050 

1.032 

131 

0.979 

105 

B09 

99.98 

4.690 

57.5 

31.68 

5.32 

2877 

62.8 

45.1 

0.997 

3064 

1.037 

134 

1.002 

105 

B14 

100.02 

4.679 

57.6 

31.38 

5.15 

1616 

64.9 

44.6 

0.986 

3190 

1.080 

139 

1.039 

105 

B19 

100.04 

4.671 

57.7 

31.28 

5.09 

1580 

63.2 

- 

- 

- 

- 

135 

1.009 

105 

B21 

99.88 

4.682 

57.6 

31.48 

4.39 

2429 

63.0 

- 

- 

- 

- 

135 

1.009 

120 

B05 

99.95 

4.680 

57.6 

31.38 

5.31 

1804 

60.5 

45.0 

0.995 

2938 

0.994 

129 

0.964 

120 

B10 

100.05 

4.686 

57.5 

31.38 

6.15 

3243 

60.4 

45.2 

0.999 

2923 

0.989 

129 

0.964 

120 

B15 

99.98 

4.680 

57.6 

31.38 

5.70 

3443 

57.6 

- 

- 

- 

- 

123 

0.920 

120 

B20 

100.08 

4.587 

58.8 

30.70 

4.82 

3137 

60.3 

45.0 

0.995 

2943 

0.996 

131 

0.979 

120 

B22 

99.96 

4.624 

58.3 

30.99 

4.14 

2158 

60.4 

45.3 

1.002 

3039 

1.029 

131 

0.979 

Average 

25 

99.96 

4.647 

58.0 

31.16 

5.14 

2948 

62.0 

45.2 

1.000 

2955 

1.000 

134 

1.000 

50 

99.98 

4.683 

57.6 

31.41 

4.97 

2524 

62.7 

44.7 

0.987 

2987 

1.011 

134 

1.004 

80 

99.93 

4.667 

57.8 

31.41 

4.88 

2170 

62.8 

44.6 

0.987 

2992 

1.013 

135 

1.007 

105 

99.97 

4.687 

57.5 

31.50 

5.26 

2389 

63.1 

44.6 

0.986 

3101 

1.050 

135 

1.008 

120 

100.00 

4.651 

58.0 

31.17 

5.22 

2757 

59.8 

45.1 

0.998 

2961 

1.002 

129 

0.961 

Standard  Deviation 

25 

0.06 

0.023 

0.3 

0.18 

0.85 

450 

0.7 

1.9 

0.043 

130 

0.044 

2 

0.011 

50 

0.05 

0.008 

0.1 

0.09 

1.13 

1061 

3.0 

1.0 

0.022 

127 

0.043 

6 

0.047 

80 

0.06 

0.018 

0.2 

0.17 

0.99 

798 

1.7 

1.7 

0.038 

46 

0.015 

4 

0.028 

105 

0.06 

0.016 

0.2 

0.18 

0.70 

807 

1.2 

0.5 

0.011 

77 

0.026 

3 

0.021 

120 

0.06 

0.044 

0.6 

0.31 

0.78 

728 

1.3 

0.1 

0.003 

53 

0.018 

3 

0.025 

Coefficient  of  V ariance  (% 

25 

0.1 

0.5 

0.5 

0.6 

16.6 

15.3 

1.2 

4.3 

4.3 

4.4 

4.4 

1.1 

1.1 

50 

0.0 

0.2 

0.2 

0.3 

22.8 

42.1 

4.7 

2.3 

2.3 

4.3 

4.3 

4.6 

4.6 

80 

0.1 

0.4 

0.4 

0.5 

20.3 

36.8 

2.7 

3.8 

3.8 

1.5 

1.5 

2.8 

2.8 

105 

0.1 

0.3 

0.3 

0.6 

13.3 

33.8 

1.8 

1.1 

1.1 

2.5 

2.5 

2.1 

2.1 

120 

0.1 

0.9 

1.0 

1.0 

14.9 

26.4 

2.1 

0.3 

0.3 

1.8 

1.8 

2.6 

2.6 
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Table  E.3:  Summary  ofCAI  data  for  dry  T650/F584 


Temp 

(°C) 

Specn 

Ave 

Width 

(mm) 

Ave 

Thickne 
ss  (mm) 

Vf 

(vol.%) 

|  Impact  energy  | 

Dam.A 

(mm2) 

Pmax 

(kN) 

Modulus 

|  Failure  strain 

Strength  [ 

Inciden 

t 

Reboun 

d 

(GPa) 

Normal 

ised 

(PE) 

Normal 

ised 

(MPa) 

Normal 

ised 

25 

A01 

100.19 

5.288 

49.5 

35.508 

13.073 

767 

114.8 

39.9 

0.983 

5533 

0.996 

217 

0.970 

25 

A06 

100.20 

5.248 

49.9 

- 

- 

660 

120.5 

41.3 

1.017 

5607 

1.009 

229 

1.024 

25 

All 

100.20 

5.236 

50.0 

35.153 

12.463 

802 

119.7 

- 

- 

- 

- 

228 

1.020 

25 

A16 

99.93 

5.251 

49.8 

34.231 

14.153 

708 

118.5 

41.6 

1.025 

5519 

0.993 

226 

1.011 

25 

A21 

100.08 

5.284 

49.5 

35.389 

13.194 

660 

115.2 

39.6 

0.975 

5564 

1.001 

218 

0.975 

50 

A02 

99.68 

5.300 

49.4 

35.508 

- 

719 

113.9 

40.2 

0.990 

5451 

0.981 

216 

0.966 

50 

A07 

100.09 

5.244 

49.9 

35.153 

13.013 

861 

116.6 

40.3 

0.993 

5572 

1.003 

222 

0.993 

50 

A12 

100.00 

5.280 

49.6 

35.270 

12.160 

684 

114.2 

41.0 

0.907 

5363 

0.965 

216 

0.966 

50 

A17 

100.08 

5.254 

49.8 

35.271 

13.855 

814 

119.2 

42.0 

1.034 

5467 

0.984 

227 

1.015 

50 

A22 

100.15 

5.296 

49.4 

35.628 

- 

637 

113.9 

39.9 

0.983 

5437 

0.979 

215 

0.962 

50 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

80 

A03 

100.09 

5.271 

49.6 

35.389 

13.378 

731 

111.1 

40.1 

0.988 

5357 

0.964 

211 

0.944 

80 

A08 

100.08 

5.224 

50.1 

34.919 

14.885 

731 

112.7 

40.3 

0.993 

5341 

0.961 

216 

0.966 

80 

A13 

99.68 

5.297 

49.4 

35.508 

13.630 

802 

110.4 

- 

- 

- 

- 

209 

0.935 

80 

A18 

99.91 

5.249 

49.9 

35.271 

13.409 

708 

111.9 

41.1 

1.012 

5321 

0.958 

213 

0.953 

80 

009 

100.02 

5.221 

50.1 

35.036 

11.815 

684 

106.0 

41.0 

1.010 

5070 

0.913 

203 

0.908 

80 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

105 

A04 

100.12 

5.240 

49.9 

35.036 

13.316 

755 

109.6 

41.1 

1.012 

5215 

0.939 

209 

0.935 

105 

A09 

100.08 

5.236 

50.0 

35.153 

13.073 

767 

111.3 

40.9 

1.007 

5338 

0.961 

212 

0.948 

105 

A14 

99.71 

5.282 

49.5 

35.389 

13.888 

684 

106.9 

40.5 

0.998 

5110 

0.920 

203 

0.908 

105 

A19 

100.07 

5.249 

49.9 

35.271 

13.630 

731 

107.2 

40.8 

1.005 

5130 

0.923 

204 

0.912 

105 

010 

100.02 

5.223 

50.1 

35.153 

11.893 

672 

104.8 

40.5 

0.998 

5090 

0.916 

201 

0.899 

105 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

120 

A05 

100.09 

5.223 

50.1 

35.036 

- 

755 

108.4 

41.1 

1.012 

5201 

0.936 

207 

0.926 

120 

A10 

100.16 

5.250 

49.8 

35.271 

13.662 

719 

107.8 

40.2 

0.990 

5267 

0.948 

205 

0.917 

120 

A15 

99.96 

5.264 

49.7 

34.573 

13.630 

825 

108.5 

40.5 

0.998 

5243 

0.944 

206 

0.921 

120 

A20 

99.97 

5.280 

49.6 

35.508 

13.472 

649 

108.7 

40.1 

0.988 

5312 

0.956 

206 

0.921 

120 

Oil 

99.90 

5.223 

50.1 

34.919 

12.983 

684 

97.2 

40.1 

0.988 

4781 

0.861 

186 

0.832 

120 

014 

99.09 

5.243 

49.9 

35.153 

13.921 

613 

108.6 

40.7 

1.002 

5280 

0.950 

209 

0.935 

|  Average  | 

25 

100.12 

5.261 

49.7 

35.07 

13.22 

719 

117.7 

40.6 

1.000 

5556 

1.000 

224 

1.000 

50 

100.00 

5.275 

49.6 

35.37 

13.01 

743 

115.6 

40.7 

0.981 

5458 

0.982 

219 

0.980 

80 

99.96 

5.252 

49.8 

35.22 

13.42 

731 

110.4 

40.6 

1.001 

5272 

0.949 

210 

0.941 

105 

100.00 

5.246 

49.9 

35.20 

13.16 

722 

108.0 

40.8 

1.004 

5177 

0.932 

206 

0.920 

120 

99.86 

5.247 

49.9 

35.08 

13.53 

708 

106.5 

40.5 

0.996 

5181 

0.932 

203 

0.909 

j  Standard  Deviation  j 

25 

0.12 

0.023 

0.2 

0.58 

0.70 

64 

2.6 

1.0 

0.025 

39 

0.007 

6 

0.025 

50 

0.19 

0.025 

0.2 

0.20 

0.85 

92 

2.3 

0.8 

0.046 

75 

0.014 

5 

0.023 

80 

0.17 

0.032 

0.3 

0.24 

1.09 

44 

2.6 

0.5 

0.012 

136 

0.024 

5 

0.022 

105 

0.17 

0.022 

0.2 

0.13 

0.77 

42 

2.5 

0.3 

0.006 

102 

0.018 

5 

0.020 

120 

0.39 

0.023 

0.2 

0.32 

0.35 

76 

4.6 

0.4 

0.010 

199 

0.036 

9 

0.038 

j  Coefficient  of  Variance  (%' 

>  ^ 

25 

0.1 

0.4 

0.4 

1.6 

5.3 

8.8 

2.2 

2.5 

2.5 

0.7 

0.7 

2.5 

2.5 

50 

0.2 

0.5 

0.5 

0.6 

6.5 

12.4 

2.0 

2.1 

4.7 

1.4 

1.4 

2.4 

2.4 

80 

0.2 

0.6 

0.6 

0.7 

8.1 

6.0 

2.4 

1.2 

1.2 

2.6 

2.6 

2.3 

2.3 

105 

0.2 

0.4 

0.4 

0.4 

5.9 

5.8 

2.3 

0.6 

0.6 

2.0 

2.0 

2.2 

2.2 

120 

0.4 

0.4 

0.4 

0.9 

2.6 

10.8 

4.3 

1.0 

1.0 

3.8 

3.8 

4.2 

4.2 

71 
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Table  E.4:  Summary  ofCAI  data  for  wet  T650/F584 


Temp 

(°C) 

Specn 

Ave 

Width 

(mm) 

Ave 

Thickne 
ss  (mm) 

Vf 

(vol.%) 

Impact  energy 

Dam.A 

(mm2) 

Pmax 

(kN) 

Modulus 

Failure  strain 

Strength 

Moistur 
e  (wt 
%) 

Inciden 

t 

Reboun 

d 

(GPa) 

Normal 

ised 

(p£) 

Normal 

ised 

(MPa) 

Normal 

ised 

25 

■;!« 

Engl 

660 

MilCT 

gUM 

■IB1U 

giKtflU 

1.15 

25 

B06 

5.309 

13.441 

637 

101.3 

1.13 

25 

Bll 

5.356 

12.463 

672 

100.3 

1.13 

25 

B17 

5.297 

13.694 

613 

104.9 

1.14 

25 

B22 

5.378 

11.867 

613 

101.4 

B 

1.17 

50 

IjBH 

■Hi M 

50 

50 

684 

98.5 

185 

50 

731 

170 

50 

4442 

169 

50 

601 

MEEU 

174 

- 

80 

684 

ITiM 

W3M 

80 

625 

87.2 

164 

80 

684 

86.5 

163 

80 

738 

4412 

159 

0.711 

- 

80 

637 

84.5 

M5S1I 

159 

80 

566 

■i  K/zm 

165 

Hjggj 

MiM 

625 

msaai 

152 

eeh 

B09 

5.304 

578 

80.2 

EES! 

4201 

151 

mmm 

1.00 

B14 

5.309 

708 

81.0 

■m 

4218 

153 

B20 

5.336 

49.0 

585 

80.6 

mm 

4300 

151 

- 

003 

5.319 

49.2 

637 

76.0 

mm 

4117 

143 

007 

5.257 

49.8 

616 

73.8 

3913 

141 

sms 

637 

gaga 

mm 

129 

mm 

1.04 

672 

70.4 

warn 

132 

■asm 

HEM 

BH 

696 

70.1 

MM 

133 

1.04 

MiViM 

649 

72.8 

■nasa 

4140 

136 

- 

566 

131 

1.05 

592 

127 

MiEM 

Average 

25 

1 

mm 

IHSH 

■Mil 

mmim 

639 

BETiEIM 

UnavM 

■IKHM 

Ml-iM 

■n:w 

1.15 

50 

HUH 

BMI 

jgJ2g!j| 

658 

unarm 

175 

Ei 

80 

mgljg 

WSWM 

B13 

HSffl 

656 

ebb 

KiM 

■nmnii 

HPH 

ssa 

beeeem 

625 

MEM 

mmau 

635 

Standard  Deviation 

25 

1 

■IWEBW 

■ili'tU 

0.3 

■IKf 

■IV/.-M 

27 

tmms. 

0.8 

EH 

57 

■IIIHIM 

4 

EMI 

■my 

50 

0.2 

0.18 

Mt'iW 

58 

«M« 

6 

ww 

80 

■hum 

0.2 

0.19 

60 

mu 

0.3 

■IIIIIM 

92 

BilliU 

3 

H'/*! 

MiM 

MliM 

0.2 

Mm 

47 

ftMfl 

Ms £■ 

EH 

BkM 

5 

MiIiEM 

BiliM 

0.3 

49 

B9 

EMI 

BkW 

MilMM 

3 

EMI 

BiliM 

<U 

o 

U 

ficient  of  Variance  (%) 

25 

HI 

BO 

0.7 

MW 

5.9 

4.2 

1.7 

2.2 

2.2 

saw 

1.1 

2.3 

2.3 

1.4 

50 

HSH 

BO 

0.4 

MB 

8.8 

3.5 

1.5 

1.5 

3.3 

3.3 

3.3 

3.3 

HEB 

80 

HI 

BO 

0.3 

Ttfem 

5.7 

9.1 

1.4 

0.7 

0.7 

HI 

1.6 

1.6 

mem 

MliM 

BD 

MiM 

0.5 

0.5 

5.6 

7.5 

0.9 

MW 

3.3 

3.3 

3.5 

3.5 

1.1 

030 

0.6 

4.7 

7.7 

2.8 

1.2 

1.2 

3.3 

3.3 

keb 

2.4 

72 
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Table  E.5:  Summary  ofCAI  data  for  dry  T650/PR500 


Temp 

(°C) 

Specn 

Ave 

Width 

(mm) 

Ave 

Thickne 
ss  (mm) 

Vf 

(vol.%) 

Impact  energy 

Dam.A 

(mm2) 

Pmax 

(kN) 

Modulus 

Failure  strain 

Strength 

Inciden 

t 

Reboun 

d 

(GPa) 

Normal 

ised 

(he) 

Normal 

ised 

(MPa) 

Normal 

ised 

25 

nnnwigi 

5.024 

51.3 

33.79 

12.46 

637 

123.0 

41.9 

1.056 

5980 

0.977 

245 

1.031 

25 

000214 

5.066 

50.9 

34.01 

14.78 

613 

126.8 

42.0 

1.059 

250 

1.052 

25 

mm 

5.250 

49.1 

35.15 

12.66 

601 

123.3 

39.2 

0.988 

234 

0.985 

25 

i mm 

100.15 

5.435 

47.4 

36.24 

15.48 

601 

132.5 

38.8 

0.978 

6458 

1.055 

244 

1.027 

25 

mm 

100.25 

5.567 

46.3 

37.37 

- 

585 

125.5 

37.5 

0.945 

6094 

0.996 

224 

0.942 

25 

mm 

100.29 

5.505 

46.8 

36.73 

15.91 

526 

126.2 

38.6 

0.973 

6011 

0.982 

229 

0.964 

50 

I'l'M'J 

100.12 

5.031 

51.2 

33.79 

13.76 

531 

118.5 

41.0 

1.034 

5875 

0.960 

235 

0.989 

50 

100.26 

5.102 

50.5 

34.23 

13.26 

649 

120.3 

41.2 

1.039 

5838 

0.954 

235 

0.989 

50 

000409 

100.27 

5.426 

47.5 

36.48 

13.76 

519 

116.4 

39.1 

0.986 

5609 

0.916 

214 

0.900 

50 

100.15 

5.313 

48.5 

35.63 

528 

122.4 

39.6 

0.998 

5956 

0.973 

230 

0.968 

50 

000503 

100.30 

5.549 

46.4 

37.24 

14.99 

436 

128.6 

- 

- 

- 

- 

231 

0.972 

50 

tKIIIMIKI 

100.14 

5.440 

47.4 

36.36 

14.02 

566 

120.0 

38.7 

0.976 

5760 

0.941 

220 

0.926 

80 

5.047 

51.0 

mm 

613 

117.7 

41.1 

5832 

233 

80 

5.221 

49.3 

EEH9 

542 

119.3 

39.7 

5888 

228 

80 

100.12 

5.261 

49.0 

35.51 

14.57 

460 

112.4 

39.2 

5569 

0.910 

213 

80 

100.33 

5.253 

49.0 

35.15 

14.81 

660 

120.0 

39.2 

5834 

0.953 

228 

0.959 

80 

100.21 

5.456 

47.2 

36.48 

14.67 

448 

122.8 

38.6 

0.973 

5992 

0.979 

225 

0.947 

80 

100.19 

5.679 

45.4 

37.89 

14.96 

495 

120.5 

36.8 

0.928 

5885 

0.961 

212 

105 

100.16 

5.181 

49.7 

34.80 

15.14 

613 

117.0 

36.5 

0.920 

5924 

226 

0.951 

105 

100.21 

5.293 

48.7 

35.51 

15.18 

601 

117.3 

39.6 

0.998 

5665 

0.926 

221 

0.930 

5.226 

49.3 

35.15 

14.60 

519 

113.0 

40.0 

5516 

216 

5.247 

49.1 

35.27 

14.92 

613 

119.4 

39.8 

5786 

227 

5.706 

45.2 

38.29 

14.96 

425 

117.0 

36.6 

5733 

5.520 

46.7 

36.99 

15.33 

519 

112.3 

37.9 

5419 

120 

100.22 

5.031 

51.2 

33.79 

13.63 

554 

109.1 

42.2 

1.064 

5234 

0.855 

216 

0.909 

120 

100.13 

5.265 

48.9 

35.27 

14.92 

566 

113.2 

39.8 

1.003 

5534 

0.904 

215 

0.905 

120 

100.25 

5.250 

49.1 

35.27 

14.71 

642 

115.5 

39.8 

1.003 

5624 

0.919 

219 

0.921 

120 

000501 

100.18 

5.724 

45.0 

38.43 

15.37 

684 

114.6 

35.9 

0.905 

5664 

0.925 

200 

0.842 

120 

100.19 

5.552 

46.4 

37.11 

15.63 

507 

110.0 

37.2 

0.938 

5443 

198 

0.833 

120 

100.23 

5.482 

47.0 

36.61 

14.29 

547 

112.2 

37.9 

0.955 

5478 

0.895 

204 

0.858 

Average 

25 

1 

IfiliMl 

mvxM 

594 

Wdsl/M 

■■lima 

BIBB 

■WIIIIM 

■■IIIIM 

50 

538 

80 

5.320 

48.5 

35.68 

14.64 

537 

39.1 

0.986 

5833 

0.953 

223 

0.939 

■IIM 

tfania 

548 

a&fi 

msMm 

Bi TiVrM 

msrm 

Bk'lB 

ebei 

583 

■  IW 

Wihi/iM 

MrWiWi 

Standard  Deviation 

25 

1 

BiIMB 

0.230 

2.1 

1.47 

1.60 

37 

3.4 

1.9 

0.047 

172 

0.028 

10 

0.043 

HI 

■1  HIM 

1.9 

■W 

■IKKM 

69 

4.2 

1.1 

■IIIEKM 

BiliViB 

9 

■HUM 

80 

0.219 

2.0 

1.35 

0.21 

86 

3.5 

1.4 

142 

0.023 

9 

MUM 

■HMIKM 

1.8 

■  ■CM 

75 

2.8 

1.6 

10 

bb 

BIMlil 

2.2 

aifcfca 

66 

2.5 

2.3 

■IM.T 

BfcM 

9 

Coefficient  of  Variance  (% 

25 

BEH 

4.3 

4.4 

4.1 

miwm 

6.3 

2.7 

4.7 

4.7 

2.8 

HUB 

4.3 

HI H 

jgjy 

3.8 

WEM 

3.8 

4.1 

12.8 

3.5 

2.8 

2.8 

2.3 

2.3 

3.8 

80 

4.1 

4.0 

3.8 

1.5 

16.0 

HIM 

3.6 

2.4 

2.4 

3.9 

3.9 

miim 

w 

3.8 

3.7 

3.8 

1.7 

13.7 

2.4 

4.2 

4.2 

3.2 

3.2 

HEfl 

0.0 

4.6 

4.6 

4.5 

4.9 

11.3 

2.2 

5.8 

5.8 

2.8 

2.8 

4.3 

4.3 

73 
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Table  E.6:  Summary  ofCAI  data  for  wet  T650/PR500 


Temp 

(°C) 

Specn 

Ave 

Width 

(mm) 

Ave 

Thickne 
ss  (mm) 

Vf 

(vol.%) 

Impact  energy 

Dam.A 

(mm2) 

Pmax 

(kN) 

Modulus 

Failure  strain 

Strength 

Moistur 
e  (wt 
%) 

Inciden 

t 

Reboun 

d 

(GPa) 

Normal 

ised 

(("0 

Normal 

ised 

(MPa) 

Normal 

ised 

25 

590 

nn 

Milfta 

224 

BiM 

25 

540 

109.1 

41.6 

215 

25 

601 

119.2 

39.7 

228 

25 

568 

120.1 

40.1 

228 

25 

630 

117.1 

38.0 

213 

25 

- 

- 

- 

- 

- 

- 

- 

50 

587 

ima 

mm 

IEEE 

■IBM 

50 

642 

wm 

■>ill:l 

50 

764 

■tori 

■Ml 

215 

50 

564 

■nrci 

216 

50 

689 

114.4 

212 

50 

80 

493 

inn 

urn 

215 

80 

476 

115.9 

215 

80 

597 

■liBEl 

213 

80 

604 

■1M1 

80 

578 

107.4 

5253 

- 

80 

590 

■.[IMS 

mswm 

HESS 

■ir trm 

5.044 

51.1 

481 

102.6 

41.9 

—sssi 

203 

TtfyJMi 

5.259 

49.0 

505 

104.0 

39.0 

5169 

197 

5.106 

587 

101.8 

40.6 

■aiiM 

199 

679 

107.5 

■ieiw 

■arm 

- 

573 

105.4 

EMI 

■ana 

203 

521 

BiTZZ* 

mivm 

557 

emi 

762 

102.5 

■ii«:w 

196 

710 

99.1 

EMI 

192 

642 

187 

- 

639 

192 

689 

182 

Em 

Average 

25 

1 

■Eft'll 

586 

MMM 

MiIiM 

■liliM 

■IKW 

■iBicra 

■iW 

50 

649 

umi 

eem 

80 

556 

MiMM 

558 

EMMI 

■tiara 

■f 

■aura 

ura 

MiJ:ftM 

■aarra 

asm 

Standard  Deviation 

25 

1 

ma 

1.7 

MilM 

■iv/ra 

34 

■IAi:l 

1.3 

■l»IW 

■III  VfM 

7 

ITTeTil 

■inf 

50 

liHH 

1.1 

Ml  ViM 

81 

MihVZU 

rtMhEM 

9 

nm 

■IIIIM 
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